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Abstract 
The Fitzroy River Basin (FRB), Queensland, contains the largest coal reserve in Australia. Driven 
by an increasing need to conserve fresh water, coal mine operators in the region have placed 
significant emphasis on reducing freshwater use by implementing water re-use. As a consequence, 
the salinity of stored water on mine sites has increased due to accumulation of salts through 
evaporation, groundwater input and mine operations. When excess water is discharged into the 
environment, this reduced water quality may constitute an environmental risk to the receiving 
ecosystem. Reports on the impact of mine site discharge highlighted the lack of data on potential 
impacts of saline discharge on the aquatic environment following flood events in 2007/08. 
The FRB is a semi-arid region in which the river systems only flow for a few months a year. In such 
intermittent rivers, major biogeochemical cycling occurs in river sediments and is largely driven by 
microbial metabolic processes. These microbial processes are of particular importance in 
maintaining downstream water quality and healthy functioning of the aquatic ecosystem. Current 
assessment tools do not capture nutrient cycles mediated by microorganisms, but instead focus on 
the impacts of larger organisms such as fish and macroinvertebrates. There is a need for a combined 
approach which includes assessing potential impacts on ecosystem processes.  
Little is known on the effects of salinity on ecosystem processes mediated by microorganisms in 
freshwater systems and insights have largely been inferred from comparisons with other ecosystems 
such as estuarine and marine environments. Further, most research has been conducted on perennial 
streams and little is known on microbial ecology and nutrient cycling in ephemeral streams. 
The aim of this thesis was to gain insights into microbial communities and ecosystem processes in 
an ephemeral stream system to guide management decisions in the context of saline water discharge 
from coal mines. The thesis was guided by two objectives: 1) to examine microbial community 
distribution in an ephemeral river system; and 2) to investigate the effect of increased salinity on 
selected ecosystem processes. 
The first objective, to examine microbial community distribution in an ephemeral river system 
(The Upper Isaac catchment, located within the FRB), used a field-based approach to build on the 
conceptual understanding of microbial communities and microbially driven ecosystem processes. 
To gain an understanding of microbial distribution, the habitats within the Upper Isaac Catchment 
were characterised. This provided a framework under which microbial community distribution 
  
could be examined. Habitat characterisation was based on physical environmental parameters, for 
which key habitat characteristics were the presence/absence of surface water in relation to seasonal 
flow, levels of detritus in stream beds and substrate type. 
Using 16S rRNA pyrosequencing, key microbial groups were identified; such as high abundances 
of spore forming bacteria indicating resistance to sediment desiccation and microorganisms 
associated with nutrient poor conditions. The distribution of these microorganisms showed that 
microbial communities could be predicted by habitat characteristics. Microbial community 
composition and their ecological functions were strongly influenced by the physical and chemical 
conditions; principally the presence and absence of surface water, detritus, depth and water quality 
parameters such as pH and ammonia.  
Nitrification in low detritus sediments was one of the major ecosystem processes, and the potential 
co-occurrence of nitrifiers and anammox was observed. The main driver of heterotrophic activity 
appeared to be localised hotspots of organic deposition as a result of seasonal flow. 
The second objective was to investigate the effect of increased salinity on potential rates of 
nitrification, denitrification and methanogenesis. Process rate measurements were undertaken under 
controlled laboratory incubations. Reduced potential rates of nitrification occurred at 10,000 µS/cm 
and no inhibition of increased salinity was observed for denitrification and methanogenesis at 
salinities up to 5000 µS/cm.  
The characterisation of microbial communities in the Upper Isaac Catchment has made a significant 
contribution to the development of a conceptual understanding of microbial communities and 
ecosystem processes in ephemeral streams. With microbial communities differing between habitat 
types; these findings provide a framework within the Upper Isaac Catchment for selecting both 
future sites for monitoring changes in microbial communities/ecosystem conditions and discharge 
locations with the capacity to process water that is higher in salinity and/or nutrients.  
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Chapter 1: Introduction 
 
1.1 Problem Statement 
1.1.1 Coal Mining and Water 
The Fitzroy River Basin (FRB) contains the largest coal reserve in Australia with over 48 
operational coal mines, mainly located in the north of the basin. Water management is an emerging 
issue within this mining resource industry. As the mine sites work toward more sustainable 
management of water, two of the primary water management objectives are to have sufficient water 
for production and to reduce discharge into the environment.  Along with these objectives, Coal 
Mines must also meet corporate sustainability goals such as reducing freshwater use. In striving to 
meet these goals and objectives and also cope with periodic severe drought conditions, most sites 
have reduced their freshwater use by implementing water re-use (QRC 2008, Cote et al. 2009, 
2010). As a consequence, the salinity of the water stored on the mine sites has increased due to 
accumulation of salts through groundwater input, runoff from overburden, spoil, roads and high 
evaporation rates. This reduced water quality has an increased risk of environmental impact when 
excess water is discharged into the environment (Moran et al. 2006, Vink et al. 2008, 2009). 
Regulated discharge is an important component of overall water management on mine sites, 
particularly in areas such as the FRB, which has highly variable seasonal rainfall. Typically mines 
discharge only during periods of high rainfall, when the input of water to the mine site through 
rainfall and runoff exceeds site operational requirements. However, during storm events in the wet 
season in 2007/2008 and 2010/2011, several of the mines in the FRB were forced to cease 
production due to mine flooding. In order to resume production and for safety reasons, water in the 
pits had to be pumped out, resulting in prolonged discharge from a few mine sites during the 
subsequent dry season. This discharge event resulted in increased salinity in parts of the Fitzroy 
River System. Reports on the impact of this mine site discharge event highlighted the lack of data 
on local and cumulative impacts of saline discharge on the aquatic environment (DERM 2009, Hart 
2009, QFCI 2012). This included the lack of knowledge on the effect of salinity on aquatic 
ecosystems, especially in such a seasonally flowing system. To effectively regulate the discharge of 
water from mine sites, a better understanding of the impacts of saline mine discharge on these 
ecosystems is required. 
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Discharge is regulated by the Department of Natural Resources and Mines (DNRM), under the 
Model Water Conditions for Coal Mines in the Fitzroy Basin. The conditions for each mine site are 
set in the Environmental Authority (EA), where discharge point, upstream and downstream 
monitoring stations are specified and river flow and discharge water quality conditions are defined. 
The water quality conditions are derived from the ANZECC/ARMCANZ water quality guidelines 
for ecosystems. These guidelines are based on ecotoxicological studies of salinity effects and other 
constituents on organisms such as vertebrates and micro/macro invertebrates along with information 
on background water quality conditions in the region (ANZECC and ARMCANZ 2000, Kefford et 
al. 2003, Dunlop et al. 2008). However, to successfully manage and preserve ecosystem health, an 
approach needs to be taken where not only biodiversity of larger biota but ecosystem processes 
need to be preserved. Current discharge requirements do not consider ecological processes and 
therefore there is no certainty that a healthy ecosystem resilient to natural and anthropogenic 
perturbations will be maintained (Lake 2001, Barmuta 2003, Ryder and Boulton 2005). 
1.1.2 Ecosystem Processes 
Ecosystem processes are the physical and biogeochemical processes and reactions that control the 
movement and cycling of energy and materials within and between ecosystems. In river systems 
microorganisms are important in the cycling of carbon and nutrients, particularly within river and 
stream sediments (Lawton 1994, Naeem et al. 1999, Huang et al. 2005, Falkowski et al. 2008). 
Microorganisms are impacted by, and through their role in biogeochemical cycling have an impact 
on downstream water quality. Consequently, understanding the nature of these interactions is 
crucial for understanding ecosystem processes, and thereby maintaining and managing a healthy 
ecosystem (Bunn and Davies 2000, Ryder and Boulton 2005, Fellows et al. 2006).  
Little is known on the effects of salinity on microorganisms and the processes they drive in 
freshwater systems. Mostly, the insights have been inferred from comparisons from other 
ecosystems such as estuarine and marine environments (Painchaud et al. 1995, Bouvier and del 
Giorgio 2002, Fear et al. 2005, Seo et al. 2008, Abell et al. 2009) and some studies have examined 
salinity effects on freshwater wetlands (Baldwin et al. 2006, Weston et al. 2006, Edmonds et al. 
2009, Jackson and Vallaire 2009). Together these studies have shown that changes in microbial 
community structure and nutrient dynamics can occur with increasing salinity and consequently 
may have an important influence on ecosystem processes (Nielsen et al. 2003, Dunlop et al. 2005). 
However, the relationship between salinity impacts on the microbial processes and ecosystem 
function still remain to be further investigated. Further, most research has been conducted on 
3 
 
perennial ecosystems and little is known on microbial ecology and nutrient cycling in ephemeral 
streams (Rees et al. 2006, Colloff and Baldwin 2010).  
1.2 Aim and Objectives 
The aim of this research is to gain insights into microbial communities and ecosystem processes in 
an ephemeral stream system to guide management decisions in the context of saline water discharge 
from coal mines. To understand the ecological consequences of increased salinity on microbial 
communities and the processes they drive, the microbial community structure needs to be 
characterised.  
The aim is guided by two objectives: 
1) The first objective is to examine microbial community distribution in an ephemeral river system. 
A field-based approach is used to build on the conceptual understanding of microbial communities 
and microbially driven ecosystem processes. Molecular tools are used to examine microbial 
communities in the stream sediments.  
2) The second objective is to investigate the effect of increased salinity on selected ecosystem 
processes. This assesses the risk of increased salinity on microbial driven ecosystem processes. 
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1.3 Thesis Outline 
The outline of the thesis is presented in Figure 1.1 and each chapter is detailed further below.  
 
Figure 1.1: Thesis Structure  
Chapter 2: Literature Review 
The Literature Review discusses the importance of microbial driven ecosystems, providing 
information of microbial ecology and biogeochemical cycles in river systems. 
Chapter 3: Study Area: Habitats in the Upper Isaac Catchment 
This chapter provides a description of the study area, the Upper Isaac Catchment. The habitat 
characteristics are defined and the variability of environmental parameters measured in the 
tributaries are examined. 
Chapter 4: Methods 
This chapter provides details on the analytical methods used in this thesis. For microbial community 
analysis, 16S rRNA pyrosequencing was the main method applied, though terminal restriction 
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fragment polymorphism (T-RFLP) was also used. Chapter 4 also briefly explains sample storage 
problems experienced during this study. Further details on the effects of a freezer defrost on 
sediment samples which inform analyses on samples in the results chapters have been provided in 
Appendix C. 
Chapter 5: Microbial Community Composition in an Ephemeral Stream System  
Chapter 5 presents the microbial taxonomic groups found in the Upper Isaac Catchment. It 
compares microbial communities found in other freshwater systems and discusses the potential 
metabolic traits observed within these groups in the context of an ephemeral system. This sets the 
foundations for examining microbial community composition in relation to environmental 
conditions. 
Chapter 6: Microbial Community Distribution in the Upper Isaac Catchment 
Chapter 6 characterises microbial community composition across five tributaries in the Upper Isaac 
Catchment. It examines the environmental factors responsible for microbial community distribution 
and compares microbial communities across the habitats described in Chapter 3.   
Chapter 7: Microbial Community Composition within Habitats 
Findings in Chapter 6 are extended in Chapter 7. This chapter focuses on characterising microbial 
composition at various depths within selected habitat types and provides a conceptual framework 
under which the variability within habitats is examined. 
Chapter 8: Process Rates and the Effect of Salinity 
With the characterisation of microbial habitats and distribution in hand, Chapter 8 examines the 
effect of increased salinity on microbial driven ecosystem processes. Laboratory based incubations 
were carried out, creating controlled conditions for examining the effects of increased salinity on 
selected processes; nitrification, denitrification and methanogenesis. 
Chapter 9: Discussion 
The final chapter brings the key findings and conclusions together. The findings are used to build 
on the conceptual view of microbial community composition and ecosystem processes developed in 
previous chapters. This includes the heterogeneity of the ephemeral system and the impact of saline 
mine discharge on microbial communities and discusses the significance of these findings. 
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Chapter 2: Literature Review 
 
2.1 Outline 
 
Figure 2.1: Literature review Structure 
2.2 Ecosystem Function 
The regulation and maintenance of life on earth is through the biodiversity and function of 
ecosystems. With changes and disturbances occurring to the environment and a decline in 
biodiversity on both a local and global scale, understanding the interaction between biodiversity and 
ecosystem function is critical (De Groot et al. 2002, Reiss et al. 2009). Ecosystems can be split into 
two compartments; the biotic and abiotic. The biotic compartment consists of all species, where the 
community structure is a measure of the species composition. This includes species abundance, 
richness and diversity, and the species relationships within communities and their physical 
environment (Ryder and Miller 2005). The abiotic compartment consists of nutrients in organic and 
inorganic forms (Naeem et al. 1999). Therefore, ecosystem processes are the measure of the rates of 
energy and matter transfer between the biotic and abiotic compartments, as well as within and 
between ecosystems. Some of the most important processes include transformation of energy into 
biomass in primary productivity, the storage and transfer of energy and minerals through the food 
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chain in secondary productivity and the cycling of the nutrients through biogeochemical cycles 
(Naeem et al. 1999, De Groot et al. 2002, Naeem et al. 2002). These processes, along with 
biodiversity and community structures ascribe the functions of an ecosystem. Ecosystem function is 
therefore a result of the interactions between energy and matter within different levels of biota and 
the abiotic, physical and chemical conditions of the environment (Naeem et al. 1999, Ryder and 
Miller 2005).  Ecosystem functional attributes then further provide goods and services valued by 
humans (Callicott and Mumford 1997, De Groot et al. 2002). 
2.2.1 Structure and Function 
Several theories exist on how changes in biodiversity affect ecosystem function, including the rivet, 
keystone, redundant and idiosyncratic hypotheses (Lawton 1994, Giller and O'Donovan 2002, 
Rosenfeld 2002, Naeem and Wright 2003). The redundancy hypothesis suggests that a species can 
be replaced by another species of a similar functional group (Naeem et al. 2002, Reiss et al. 2009). 
This principal applies to the insurance hypothesis, as the diversity of the functional groups are 
reduced, the stability of a system functioning is decreased (Loreau et al. 2001, van Straalen and 
Roelofs 2006).  
Due to this, there has been a clear shift from observing species diversity, towards a more functional-
trait viewpoint, where the link between structure and the processes can be examined by functional 
groups. Functional groups are species that perform similar roles within an ecosystem process. Thus, 
there is increasing interest in determining the functional traits of organisms, rather than just the 
presence and how the numbers of organisms respond to environmental change (McCann 2000, 
Naeem et al. 2002, Naeem and Wright 2003, Petchey and Gaston 2006, Green et al. 2008). 
It is also important to recognize that a species can have several functional traits, and thereby play a 
role in several functional groups. This can result in a more complicated system where more than 
one process can be affected and thereby multiple processes, rather than a single process needs to be 
investigated. Reiss et al. (2009) presented a conceptual diagram, in which the traits, the biomass and 
abundance of the species, and thereby several process can be taken into consideration (Figure 2.2). 
Therefore, it is important to examine the system by investigating community structure with 
community functional traits and ecosystem processes. This will make it possible to address the 
consequences of loss in biodiversity, through functional traits and processes, and its cascading 
effects on ecosystem function in response to environmental change and perturbations.  
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Figure 2.2: The measurement of traits and multiple processes.  
a) The traits are assigned to organisms, where there are two organisms with three common (triangle, square and circle) and one 
unique trait (diamond and cross). b) Biomass of organism is determined, with abundance and evenness of the organisms and their 
traits. c) Individual and multiple processes can be examined through the traits, represented by assemblage and abundance. Process 1 
for example is driven by two traits, dominated by species a (blue) due to the higher abundance. Both organisms are redundant for 
process 1, as each individually could regulate the process. However, process two is determined by two traits, but is not dominated by 
a species, as it requires a trait possessed by species b (Reiss et al. 2009). 
2.2.2 Management of River Ecology 
Anthropogenic perturbations to river ecosystems can alter the community structure, ecosystem 
processes and ecological functions (Naeem et al. 1999). Therefore, management of the aquatic 
ecosystem, by maintaining and restoring the processes and function is vital, but complex due to 
physical and hydrological links between streams, rivers and catchments. Current management 
practice is to monitor river health using a suite of indicators which provide a prioritising structure 
for ecological, social and financial decisions and outcomes. These indicators generally rely on a 
combination of land use, riparian alterations, some aspects of water quality and a measure of 
biodiversity through representative taxon or a suite of taxa such as fish or invertebrates (Boulton 
and Brock 1999, Barmuta 2003). 
However, using indicator species has been criticised for not being representative of ecosystem 
function. This is because conserving biodiversity and ecosystem function are not the same, i.e. 
restoring biodiversity does not necessarily result in restoration of ecosystem function (Barmuta 
2003, Lake 2005, Ryder and Miller 2005). To maintain and restore ecosystems successfully, the key 
processes need to be understood, where the links between biodiversity and processes together may 
provide better indicators for assessing aquatic ecosystem function. Most monitoring programs do 
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not include measurements of ecological processes such as primary production and organic matter 
decomposition. The importance of such process based ecological indicators is becoming 
increasingly recognised as a mechanism for assessing changes to ecosystem function. Therefore, 
process based measurements may provide a useful tool for assessing impacts from a broad range of 
disturbances (Bunn and Davies 2000, Udy et al. 2006). Further, when linked with microbial 
community composition may provide a comprehensive management system for maintaining 
ecosystem function and river health.  
2.3 Microorganisms 
Ecosystem processes, such as the cycling of nutrient, are driven by small organisms such as micro 
invertebrates, protists, Archaea and Bacteria. Prokaryotic microorganisms play a vital role in 
aquatic sediment geochemical cycling of nutrients and organic matter degradation.  The relationship 
between biodiversity and ecosystem function has not been fully explored for microbes (Loreau et al. 
2001, van Straalen and Roelofs 2006). The relationship between community structure and function 
of microbes is important, as their response to environmental change and perturbations may provide 
key information for environmental monitoring and management (Corstanje et al. 2007). Microbial 
diversity can be measured in two main ways; through the taxonomic identification of species, or 
through functional trails, hence their functional diversity, which can also be described as their 
metabolic diversity. 
2.3.1 Taxonomic Diversity 
The molecular phylogenetic tree in Figure 2.3 shows the three main domains, Eukaryota, Bacteria 
and Archaea. Three of the major kingdoms known as animals (Homo), plants (Zea), and Fungi 
(Coprinus) make up some of the peripheral branches (Pace 1997). This shows the magnitude of 
species diversity and thereby their potential contribution to the relationship between diversity and 
ecosystems. Knowledge of these microorganisms, including species and their function, is expanding 
as molecular tools are becoming increasingly available and more affordable. Therefore, 
investigating the diversity within the microbial groups in aquatic environments and their response to 
perturbations is important, as they make up such a large component in the biodiversity of all life.  
2.3.2 Metabolic Diversity 
Microbial diversity is often also expressed in terms of metabolic diversity. Prokaryotes, which 
include the Archaea and Bacteria domains, are efficient in utilizing and taking up a range of 
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nutrients. In sediments, they often out-compete larger Eukaryotes due to their metabolic efficiency 
(Nealson 1997, Pace 1997).  
Biogeochemical cycles are driven by different functional metabolic groups, classified according to 
their carbon, energy and electron sources. Microbes can be split by their use in carbon, where 
heterotrophs utilise organic sources of carbon, while autotrophs use carbon dioxide (CO2) and 
inorganic compounds. Further, energy sources are split between phototrophs, which utilize light and 
chemotrophs, which use energy from chemical compounds (both inorganic and organic compounds) 
(Schallenberg and Kalff 1993, Nealson 1997, Kim and Gadd 2008).  
Table 2.1 describes the metabolic pathways in which the autotrophs and heterotrophs are involved 
in the biogeochemical processes controlling production and decomposition of organic matter in 
aquatic ecosystems. By investigating the different microbial communities involved in geochemical 
cycling, and by investigating their metabolic capabilities, a link between the cycling of nutrients 
with microorganisms can be made. 
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Figure 2.3: The universal phylogenetic tree of life, based on small-subunit rRNA gene sequences, showing “evolutionary distance” 
(Modified from Pace (1997)).  
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Table 2.1: Prokaryotic groups in freshwater aquatic systems categorised by metabolic capabilities.  
Composed using (Nealson 1997, van Straalen and Roelofs 2006, Kim and Gadd 2008). The groups shaded in blue highlight the aerobic processes. 
Functional Group General Process Energy 
Source 
Carbon 
source 
Electron 
acceptor 
End product Organism Gene products Gene 
Autotrophs (CO2 as carbon source) 
 
Photosynthetic 
autotrophs 
(Photolithotrophs) 
Sulphur oxidation 
(H2S -> S -> SO4 with light) 
Light, H2S, S, 
S2O3
2-, H2 
 
CO2 H2S 
Anaerobic 
S, SO4
2-, H2O Green and purple 
sulphur bacteria 
 
Sulphite oxidase, 
sulphur 
dehdrogenase 
sox 
Chemosynthetic 
autotrophs 
(Chemolithotrophs) 
Sulphur oxidation 
(H2S -> S -> SO4) 
H2S 
 
CO2 O2 
Aerobic 
S, SO4
2-, H2O Colorless sulphur 
Bacteria 
 
Sulphite oxidase, 
sulphur 
dehdrogenase 
sox 
Nitrification 
NH4
+  and NO2
- oxidation 
(NH4
+ -> NO2
- -> NO3
-) 
NH4
+, NO2
- 
 
CO2 O2 
Aerobic 
NO3
- Nitrifying Bacteria: 
Ammonia oxidisers 
Nitrite oxidisers 
 
Ammonia oxidation: 
ammonia 
monooxygenases 
α and β 
amo 
Nitrite oxidation: 
Nitrite 
Oxidoreductase 
nor 
Methanotrophy 
Methane oxidation 
CH4 
 
CO2 O2 
Aerobic 
CO2 Methylotrophs 
 
Methane 
monooxygenase 
pmo 
  Anammox 
NH4
+  and NO2
- oxidation 
NH4
+, NO2
- 
 
 NO2
-
 
Anaerobic 
N2 Anammox 
 
Nitrite oxireductase 
 
nor 
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Functional 
Group 
General Process Energy Source Carbon 
source 
Electron acceptor End product Organism Gene products Gene 
Heterotrophs (organic carbon as carbon source) 
Non-photosynthetic Heterotrophs (selected types only) 
 Aerobes 
(Majority of 
Freshwater 
bacteria) 
Organic 
substances 
Organic 
substances 
O2 
Aerobic 
 
Organic acids, 
alcohols, CO2, 
etc. 
Aerobic 
heterotrophic 
bacteria 
 
 
 
 
 
 Denitrification 
NO3
- and NO2
- 
reduction 
(NO3
- -> NO2
- -> N2) 
Organic 
substances 
Organic 
substances 
NO3
- 
(O2*) 
Anaerobic 
*Facultative 
anaerobes 
NO2
-, N2 Denitrifying 
bacteria 
 
Nitrate reductase, 
nitrite reductase, 
NO reductase, N2O 
reductase 
nap, 
nar, nir, 
nor,nos 
 Mn and Fe 
Reducers 
 
Organic 
substances 
Organic 
substances 
Fe3+, Mn4+ 
(O2*) 
Anaerobic 
*Facultative 
anaerobes 
Fe2+, Mn2+, CO2, 
N2, NH3 
Facultative 
Anaerobes 
c-Type 
cytochromes 
 
rus, cyc, 
cox 
 Sulfate reduction 
 
Primarily 
organic 
substances 
 
Organic 
substances 
SO4
2-, S2, O3
2-, NO3
- 
Anaerobic 
 
H2S, N2 Sulfate reducing 
Bacteria 
Adenosine 
Phosphosulfate 
reductase, sulphite 
reductase 
 
aps, dsr 
 Fermentors 
 
 
Organic 
substances 
Organic 
substances 
CO2 and Organic 
substances 
H2, CO2, organic 
acids, NH4, CH4, 
H2S 
Fermentation 
bacteria, 
including 
Methanotrophs 
Methylreductase, 
Heterodisulphide 
reductase 
mrc, hdr 
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2.4 Aquatic Biogeochemical Cycles 
Biogeochemical cycling refers to the process, where carbon, nutrients and other compounds cycle 
through both biological and geological systems. These include inputs from geological weathering, 
movement through the food chain and decomposition of organic matter, cycling between organic 
and inorganic solutes and particulates (McClain et al. 2001, Gest 2003, Huang et al. 2005). These 
nutrients are usually grouped into macronutrients (P, N, S, K, Mg, Ca) and micronutrients (Fe, Mn, 
Cu, Zn, Si, Mo, V, Co and other elements), where their cycling is vital in maintaining aquatic 
ecosystems function (Fredrickson et al. 1992, Boulton and Brock 1999, Falkowski et al. 2008). 
One of the key processes in ecosystems is the production and degradation of organic carbon. The 
primary producers, consumers and decomposers drive these processes. Organic carbon production 
is performed by autotrophs, which take up CO2 and other inorganic compounds and convert them 
into organic forms, releasing oxygen (O2) in the process. The carbon is stored as biomass through 
organisms such as plants and animals as is transferred along the trophic food structure.  Eventually 
the organic carbon is released back into the ecosystem as a result of waste products and  
decomposition which involves the physical breakdown and biogeochemical transformation of 
complex organic molecules.. These decomposers, which include heterotrophic microorganisms, 
transform organic nutrients into inorganic forms through mineralization of key elements (nitrogen, 
phosphorus and sulphur), thereby completing the cycling of these nutrients (Conrad 1996, Naeem et 
al. 2000, Huang et al. 2005).  
The decomposition of organic matter occurs through a series of oxidation and reduction (or redox) 
reactions, where the transfer of electrons from one substrate (electron donor) to an electron acceptor 
results in the release of energy (Schlesinger 1997, Falkowski et al. 2008). The amount of energy 
released through the oxidation of substrates determines the potential for bacterial growth. Hence, 
the more energy released in the reaction, the higher the bacterial growth. This has implications  for 
microbial communities in sediments, as it allows some microbes to outcompete others when 
environmental conditions for their metabolic trait is favourable, and in turns drives the direction of 
the biogeochemical processes which occur (van Straalen and Roelofs 2006). 
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2.4.1 Microbial Metabolism in Biogeochemical Cycling 
In river systems, the redox reactions that occur in the sediments can be separated into aerobic and 
anaerobic reactions.  However, the exact processes depend on external conditions controlled by 
both environmental and/or biological factors which determine the availability of substrate and 
suitable electron acceptors (Schlesinger 1997, Fierer et al. 2007, Kim and Gadd 2008). 
2.4.1.1 Aerobic Decomposition of Organic Matter 
Aerobic decomposition of organic matter by obligate aerobes is a major component in well aerated 
systems such as rivers and streams, where the redox potential and energy released through the 
reactions is the highest (Schallenberg and Kalff 1993). In aerobic sediments, microbes are involved 
in the oxidation of inorganic compounds including methane (CH4), hydrogen sulphide (H2S), 
ammonium (NH4), nitrite (NO2) and Iron (Fe
2+
), as represented in the oxidation equations in Table 
2.2. These chemolithotrophic bacteria live in oxic environments, in aquatic sediment and water 
interfaces where the inorganic compounds diffuse from the lower sediments (Sigee 2004, Paul 
2007).  
Table 2.2: Aerobic Respiration including oxidation of selected reduced inorganic compounds in sediments. 
(Millero 1996, Schlesinger 1997, Sigee 2004)  
 
Process Substrate Reaction 
Nitrification   
 Ammonia Oxidation NH4 2NH4
+  + 3O2   2NO2
-  + 4H+  2H2O 
 Nitrite Oxidation NO2 2NO2
-  + O2    2NO3
- 
Iron Oxidation Fe2 4Fe2+  + O2  +  4H
+    4Fe3+  + 2H2O 
Methane Oxidation CH4 CH4  +  2O2    CO2  + 2H2O 
Sulphur Oxidation H2S HS
-  + 2O2    SO4
2-  + H+ 
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Oxygen is transported into the sediment through diffusion and advection. The depth at which this 
occurs in sediments therefore is the controller of the redox reactions that occur because O2 is such a 
dominant electron acceptor for organic carbon degradation. Therefore, in low oxygen zones, the low 
concentrations of O2 are usually a result of its depletion through metabolic processes, where organic 
matter is aerobically respired until CO2 production exceeds O2 levels (Nealson 1997, Hines 2006). 
2.4.1.2 Interface Aerobic/Anaerobic Decomposition of Organic Matter 
Once O2 is depleted, heterotrophs living in the suboxic zone can use electron acceptors from other 
sources. These heterotrophs are facultative anaerobes and able to use O2 when available, however 
utilize inorganic compounds such as NO3, Mn, F
+
 and SO4 when dissolved oxygen is depleted in the 
sediment (Nealson 1997, van Straalen and Roelofs 2006). The energy released through the 
reduction of these different inorganic compounds differs, and therefore they are often arranged in 
the sequence of electron acceptors generating the most amount of energy.  As one gets depleted, the 
reactions move along the sequence of acceptors down the sediment from aerobic to anaerobic 
conditions and continue until all oxidisable acceptors are used up (Nealson 1997, Sigee 2004, Kim 
and Gadd 2008). The sequence in which oxidants are utilized and therefore reduction of inorganic 
compounds occurs are presented in Table 2.3. The equations represent the reduction reactions 
occurring, although many of them have several reduction steps within each reaction. For example in 
the process of denitrification, nitrate (NO3
-
) is first reduced to NO2
-
 , nitrous oxide (N2O) and then 
further to nitrogen gas (N2), where each of these processes occurs through the metabolism of 
potentially different microorganisms. The processes are not necessarily sequential and can overlap 
within the sediment environments. Also, other products such as such as phosphate (PO4) and N2 are 
often released during organic carbon degradation, such as in the reduction of Mn and Fe (McClain 
et al. 2001, Kim and Gadd 2008). Therefore, the processes work as part of a network with 
interrelationships between all components of nutrient cycling.  
2.4.1.3 Anaerobic Decomposition of Organic Matter 
Once the oxygen has been completely utilized, obligate anaerobes dominate these anoxic zones. 
The reactions which occur are more complex, as they are able to utilize a range of organic and 
inorganic compounds as electron acceptors. Organic matter in anoxic environments is processed 
along with electron acceptors such as CO2, CH4, NH4 and sulphate (SO4) (Schlesinger 1997, Gest 
2003). 
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In marine sediments, the main anaerobic process is sulphate reduction, due to the significantly 
higher concentration of SO4 compared with freshwater systems. However, in freshwater systems the 
main anoxic process is through Methanogenesis where microbial end product is CH4 (Capone and 
Kiene 1988, Gutknecht et al. 2006). These anaerobic reactions release the least amount of energy 
during the redox reactions, and are strictly limited to anoxic zones of the sediment. The redox 
reactions and thereby the chemical sequence which occurs down the sediment column, as displayed 
in Table 2.3, result in a parallel succession of microbes as they change with the chemical 
environment, from heterotrophic aerobes oxidizing O2 in aerobic environments, to denitrifying, 
metal reducing facultative heterotrophy (McClain et al. 2001, Cadillo-Quiroz and Zinder 2006, Kim 
and Gadd 2008). The succession of the different microbial groups during the transition from aerobic 
to anaerobic sediment zones can be seen in Figure 2.4. The overlap of these gradients and redox 
reactions are therefore important sites in the transformation and cycling of nutrients.  
The two dominant biogeochemical cycles in freshwater systems are nitrogen cycling and 
methanogenesis.  Changes to these processes through perturbations such as increased salinity can 
have major implications for the function of the ecosystem. Therefore the cycling of these nutrients 
will be further discussed in detail to gain an understanding of how external factors may influence 
these processes. 
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Table 2.3: Sequence of reduction of inorganic substances and their redox potential in freshwater sediments.  
(Millero 1996, Schlesinger 1997, Sigee 2004)  
Process 
Electron 
Acceptor 
End 
Product 
Reaction  
             Organic Biomass  
Aerobic 
Respiration 
O2 H20 (CH2O)106(NH3)16(H3PO4)  +  138O2 106CO2  + 16HNO3  +  H3PO4  +  122H20 
Denitrification NO3
- NO2
-, N2 (CH2O)106(NH3)16(H3PO4)  +  94.4HNO3   106CO2  + 55.2N2  +  H3PO4  +  177.2 H20 
Manganese 
Reduction 
Mn4+ 
insoluble  
Mn2+ 
soluble 
(CH2O)106(NH3)16(H3PO4)  +  236MnO2  +  472H
+    236Mn2+  +  106CO2  + 8N2  +  H3PO4  +  366H20 
Iron Reduction 
Fe3+ 
 insoluble 
Fe2+ 
soluble 
(CH2O)106(NH3)16(H3PO4)  +  212FeO3  +  848H
+    424Fe+  +  106CO2  + 16NH3  +  H3PO4  +  530H20 
Sulphate 
Reduction 
SO4
2- S⁰, H2S (CH2O)106(NH3)16(H3PO4)  +  55SO4   106CO2   + 16NH3  +  55S
2-  +  H3PO4  +  530H20 
Methanogenesis 
organic 
acids/CO2 
CH4 (CH2O)106(NH3)16(H3PO4)   53CO2   + 53CH4  + 16NH3  +  H3PO4   
 
 
Figure 2.4: Conceptual diagram of the chemical and microbial sequence reduction reactions from aerobic to anaerobic conditions.  
(Millero 1996, Schlesinger 1997, Sigee 2004) 
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2.4.1.4 The Nitrogen Cycle 
There are five major pathways in the nitrogen cycle: nitrate entry and assimilation (uptake), 
biomass transformation and decomposition, nitrification (aerobic process), denitrification 
(anaerobic process) and nitrogen fixation. These are represented as they occur in larger lakes and in 
river and stream sediment systems in Figure 2.5. The main differences between the two is the 
difference in water mass, and therefore arise in differences in the type of ecosystem processes 
dominant in these sediments. The different forms of nitrogen in a system are dissolved organic 
nitrogen (DON), dissolved inorganic nitrogen (DIN) as nitrate (NO3), nitrite (NO2) and ammonium 
(NH4), and nitrogen gas (N2).  
Nitrogen Assimilation, Transformation and Decomposition 
Nitrate (NO3) and ammonia (NH4) enter the aquatic system through soil, rain, runoff, passing from 
streams and rivers to lakes through both the water and sediments. Both NO3 and NH4 are the major 
forms of nitrogen biologically available to organisms. Therefore, the assimilation of NO3 and NH4 
into algae and other microbes is a major step in integrating nitrogen into freshwater system biomass. 
Once taken up into the biomass, the organic nitrogen is subsequently passed through the food chain, 
excreted and broken down into organic detritus. The detritus settles on lake and river sediments, and 
through decomposition is returned to the system in the form of NH4, where it is available for 
utilization by organisms once again (McClain et al. 2001, Bothe et al. 2007). Therefore, the 
interaction between assimilation, transformation and decomposition of nitrogen and how they are 
transported along a river can affect the availability of nutrients and determine the biogeochemical 
dynamics in a system.  
Nitrification  
The major transformations of DIN in aquatic systems occur in the sediments through nitrification 
and denitrification. The processes of nitrification and denitrification were briefly explained 
previously; where nitrification occurs in the oxic sediment zones and denitrification in the anaerobic 
zone. These two processes and the associated microorganisms are spatially linked, as one processes 
results with a product that fuels the other (Nealson 1997, McClain et al. 2001). 
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There are two major groups of microbes responsible for the aerobic process of nitrification; the 
ammonia oxidisers and nitrite oxidisers, which corresponds with the two-step oxidation reactions in 
Table 2.2 (McClain et al. 2001, Kim and Gadd 2008). The first group, the ammonia oxidisers are 
obligate chemolithotrophs, which use ammonia monooxygenase enzymes (amo) to oxidise NH4 to 
NO2 and include genera such as Nitrosobacter, Nitrosococcus, and Nitrosomonas (Abeliovich 1992, 
Nealson 1997, Kowalchuk and Stephen 2001). The nitrite oxidizers are dependent on the NO2
-
 
supply from the ammonia oxidizers. The responsible microbes include Nitrobacter, Nitrococcus, 
and Nitrospira genera and are slow growing, using nitrite oxidoreductase (nor) as the oxidizing 
enzyme (Nealson 1997, Jetten 2008).  
Anaerobic Oxidation of Ammonia (anammox) 
There is also another group of ammonia oxidating microbes, known as anammox bacteria, which 
can oxidise ammonia under anaerobic conditions, unlike the ammonia and nitrite oxidizers which 
require aerobic conditions. Anammox bacteria utilize NH4 and NO2, with the enzyme nitrite 
oxireductase (nor) responsible for the reaction to produce N2 gas and are generally from the phylum 
Planctomycetes (Francis et al. 2007, Penton 2009). Therefore, the diversity in microbial metabolic 
function within such a process is large, but at the same time dependent on one another, where an 
external disturbance of one resource, such as NH4 concentrations, can influence the whole process 
of nitrification and anammox and the associated microbial communities. 
Denitrification 
Denitrification is a two-step process in which NO3 is reduced to NO2 and then further to N2O and 
N2 (Table 2.3) (Zumft 1997, van Spanning et al. 2007, Zumft et al. 2007). Denitrification is largely 
carried out by facultative anaerobic bacteria Pseudomonas, Ralstonia (Alcaligenes) and 
Paracoccus, although other bacteria such as Achromobacter, Bacillus and Micrococcus are also 
involved in the process. Due to their facultative nature, they are capable of switching between O2 
and NO3 as an electron acceptor during carbon oxidation and are generally found in 
aerobic/anaerobic interfaces (Knowles 1982, Zumft 1997, van Spanning et al. 2007).  Hyporheic 
zones in river beds are especially important, as it is an interface where oxygen rich water from the 
surface mixes with oxygen depleted water from the ground. Hence, the plasticity of these microbes 
allows them to dominate such environments, but therefore are also highly influenced by external 
factors (Triska et al. 1993, Nealson 1997, García-ruiz 1998).  
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Nitrogen Fixation 
Nitrogen fixation is the uptake of N2 by organisms, where it gets converted from gaseous N2 to NH4 
and organic nitrogen and plays an important role in closing the nitrogen cycle (Gest 2003, Jetten 
2008). There are many types of prokaryotes which have the ability to fix N2, and include 
Cyanobacteria, photosynthetic prokaryotes, anaerobic and aerobic Bacteria and Archaea. 
Azotobacter is generally found in water bodies in planktonic form, whereas Clostridium occurs in 
the lower parts of water columns and sediments (Conrad 1996, Kneip et al. 2007, Newton et al. 
2011). 
2.4.1.5 Methanogenesis and Methane Cycling 
Methane Producing Bacteria 
Methanogenesis is a major component in freshwater environments, where the reduction of CO2 to 
CH4 in anoxic sediments (Table 2.3) is often considered the final step in anaerobic decomposition 
of organic matter (Nealson 1997, Kristin Glissmann 2001, Falkowski et al. 2008). This process is 
driven by Methanogens, which include distinct phylogenetic groups of Archaea. Methane can be 
produced through two different pathways, depending on the source of carbon used by the microbes; 
these include autotrophic and heterotrophic pathways. Autotrophic Methanogens mainly use CO2 as 
an electron acceptor, whereas heterotrophic Methanogens utilize a variety of oxidized organic 
compounds, the most common being acetic acid (CH2COOH), although they have been shown to 
use a variety of compounds such as formate (formic acid), methanol, methylamine and others. The 
enzymes used in the production of methane are methylreductase and heterodisulphide reductase, 
and the genes responsible are within the mrc, hdr genes (Zeikus 1977, Gest 2003, van Straalen and 
Roelofs 2006, Kim and Gadd 2008). 
Methane Oxidizing Bacteria 
Methane is cycled through the system by diffusing into aerobic zones of the sediment and then 
becoming oxidized. Under aerobic conditions, O2 is used an electron acceptor to oxidize CH4 into 
CO2 (Table 2.2) (Bowman et al. 1993, Hanson and Hanson 1996). The enzyme and gene 
responsible for this reaction is methane monooxygenase (pmo) (Lin et al. 2005). Due to the use of 
O2 for the oxidation of CH4, methane depletion can often be seen where oxygen concentration 
increase. Hence, they are often found in the oxic-anoxic interfaces of sediments and share a habitat 
with ammonia-oxidizing bacteria (Bedard and Knowles 1989, Nealson 1997). 
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2.4.1.6 Conclusion 
The biogeochemical processes driven by microbial respiration can be complex due to the chemical 
and microbial interactions, creating gradients and utilizing one another’s products. However, 
external influences, both physical and chemical, can create continuously changing conditions in 
which the microorganisms are required to respond and adapt to survive. Therefore, the 
environmental influences, especially the flow of surface and hyporheic water and the physical and 
chemical properties it carries will be briefly discussed, followed by a review on salinity effects on 
freshwater aquatic ecosystem process and the microbes involved.  This will highlight the current 
knowledge and gaps in the literature from which the hypotheses underlying the objectives of this 
research were developed. 
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A 
 
B 
 
Figure 2.5: The major processes and nutrient flows in the freshwater nitrogen cycle in a (A) lake system and (B) river sediment 
system.  
A) The external loading (brown lines) is through rainfall, but mainly streams and rivers to, and the internal loading is through 
microbial biomass. Modified from Sigee (2004) and McClain et al (2001); and B) The nitrogen cycle, nutrient and sediment and 
water movement in a river system are represented, where the majority of the processes occur in the river sediment. 
Ground Water, DON, NO3 
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2.4.2 Seasonal Streams and Environmental Influences: Surface and Hyporheic 
Flow 
In rivers, flow is important in the delivery of nutrients and results in physical and chemical changes 
in the water and sediment. River flow is dependent on timing, frequency, intensity and amount of 
rainfall along with groundwater contributions (Petts 2000, Belnap et al. 2005). During flow events, 
mixing between surface and groundwater occurs in the stream bed. This region of mixing is termed 
the hyporheic zone (Figure 2.6a). Most permanent rivers continue to flow after rainfall ceases, 
where base-flow increases with distance downstream due to groundwater contributions. However, 
in intermittent and episodic flowing rivers, water is often lost from the stream due to the water table 
lying below the permeable sediment (Figure 2.6b). Therefore, due to changes in stream topography, 
bed permeability and in response to changes in flow rate and rainfall, a stream can shift from losing 
to gaining, resulting in localized upwelling and down-welling zones (Boulton et al. 1998, Boulton 
and Brock 1999, Winter et al. 2008).  
These upwelling and down-welling zones in the hyporheic sediments are often where the microbial 
activity is highest. Microbial communities can be influenced in several ways. Typically, down 
welling water supplies O2, organic carbon, nitrogen and phosphorus, whilst the upwelling water 
may be higher in CO2 and deliver different inorganic nutrients to the surface (Figure 2.7), thereby 
triggering a different microbial response (Findlay 1995, Boulton et al. 1998, Boulton and Brock 
1999, Fischer et al. 2005). In seasonal rivers, extreme flow variations result in subsurface sediments 
remaining wet longer than the surface sediments. Therefore, these are important zones for microbial 
respiration and carbon decomposition, even though microbial respiration rates are higher in surface 
sediments when wet (Belnap et al. 2005). Hence, microbial activity in the hyporheic zones has 
many implications for downstream water quality and processes, important for other biota and plant 
life, and therefore vital for maintaining a healthy ecosystem. 
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B 
Gaining Stream Losing Stream 
 
Figure 2.6: Conceptual diagram of hyporheic flow in a stream. 
A) The hyporheic zone, and how surface-water interacts with ground water in the hyporheic zone, associated with changes in 
streambed and with stream meanders. B) Gaining streams receive water and Losing streams lose water to the ground-water system 
(Winter et al. 2008). 
 
 
Figure 2.7: Lateral diagrammatic view of the hyporheic zone including upwelling and down-welling zones where gradients in 
nutrients, dissolved gases occur.  
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The hydrology of a river system is also responsible for sediment, nutrient and carbon transport and 
deposition. The variation in flow will create heterogeneous environments to which the 
biogeochemical reactions and microbial populations respond. The carbon source and amount are 
vital in influencing microbial communities and processes (Griffiths et al. 1999, Fischer et al. 2002). 
One of the main sources of carbon for river systems is through terrestrial inputs. In episodic rivers, 
where there is high variation in rainfall and flow rates, sediment and carbon can be moved and 
deposited in large quantities, especially during flood events (Belnap et al. 2005). Hence, the nutrient 
characteristics of the sediment, such as nitrogen and carbon content, will have major influences on 
microbial community structure and the type of processes that will dominate such systems. 
This is further influenced by drying and wetting events. For example, during the dry season, leaf 
litter can be deposited and accumulate in the dry river bed, where pools of organic matter are 
formed when rainfall occurs creating hotspots for microbial decomposers (Boulton and Brock 1999, 
McClain et al. 2003, Tzoraki et al. 2007). The wetting and drying of the sediments in such seasonal 
rivers therefore also results in variable rates in microbial processes. However, the microbial 
processing and decomposition of organic matter in such systems is especially important due to their 
response time, where unlike other organisms, microbes respond through rapid increase in biomass 
and respiration (Belnap et al. 2005). 
Along with the carbon and nutrient contents of sediments, sediment structure will also influence 
microbial community composition and process rates. This is because the chemical composition of 
the sediment environments are determined through both the chemical properties of the rocks, where 
different minerals can result in the selection of distinct microbial populations through physical 
weathering and deposition with river flow (Carson and Gleeson 2009). Sediment characteristics 
play an important role in influencing the sediment environment, which includes particle and pore 
size. This determines the amount and timing of water infiltration and with it the availability and 
diffusion rate of DO and other nutrients in the environment (Jones 1995, Belnap et al. 2005).  
Hence, aquatic sediment environments are heterogeneous due to inherent physical and chemical 
complexities. In river sediments, these properties however do not only result in vertical gradients, 
but also in horizontal effects, through both vertical and lateral movement of water. Consequently, 
vertical and lateral gradients of chemicals and the succession of microbial communities will also 
exist in the sediments. Therefore, hydrological variability is one of the most important determinants 
of biogeochemical processes as it influences all components, including physical, chemical and 
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microbial community structure and respiration. However, the ecological implication of the 
extremely variable flow observed in seasonal rivers and the microbial driven processes is poorly 
understood (Boulton et al. 1998). This is important to investigate, especially in terms of managing 
disturbances, including agriculture and industrial perturbations such as mining, which can change 
the hydrology, chemistry and physical properties within streams and therefore can affect the 
microbial dynamics and the processes within the ecosystem (Bossio and Scow 1995). 
2.4.3 Salinity 
Salts occur naturally in aquatic ecosystems, and are also vital for biological processes. They enter 
aquatic ecosystems through weathering of rocks, transportation in surface and groundwater and by 
wind and rain deposition. The amounts of salt entering a system depend on factors such as the 
geology, distance inland, geography and climate, resulting in spatial and temporal variation of ionic 
composition (Harris 1999, Dunlop et al. 2005). In Australia, under natural river flows, salinity is 
higher during drought and low flow conditions due to inflows from saline ground water and high 
evaporation rates. The Australian inland waters are dominated by sodium and chloride in 
comparison to the average world freshwater which is high in calcium and carbonate (Boulton and 
Brock 1999, McNeil and Cox 2000, McMahon and Finlayson 2003, McNeil et al. 2005). 
Salt also enters river systems from anthropogenic activities. This includes agricultural influences 
such as increased groundwater recharge through removal of native vegetation and runoff from 
terrestrial landscapes, but also the disposal of saline water into river systems from irrigation and 
mining (Nielsen et al. 2003, Dunlop et al. 2005, Vink et al. 2009). Therefore, how does salinity 
affect aquatic ecosystem health and how does this differ in ephemeral systems? This question needs 
to be asked in terms of short term and long term effects; including what immediate effects are 
observed at salinity discharge points and effects over longer time scales where cumulative impact 
can arise and influence large special scales (Franks et al. 2009, Franks et al. 2010).  
Salinity can have a major impact on freshwater ecosystems. There have been several studies on its 
effects on vegetation and micro-macro invertebrates (Kefford et al. 2003, Zalizniak et al. 2006, 
Dunlop et al. 2008, Hart 2009). However, these studies have mainly been on larger organisms and 
the ecotoxicity effects of salinity on these organisms to develop indicator species. Therefore, to 
manage and preserve ecosystem health, an ecosystem approach needs to be taken, where not only 
biodiversity of larger biota but ecosystem processes are examined (Callicott and Mumford 1997, 
Lake 2001, Barmuta 2003, Ryder and Miller 2005). Including ecosystem processes is essential to 
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successfully manage and maintain a healthy ecosystem resilient to perturbations (Finlay et al. 1997, 
Reiss et al. 2009).  
Little is known about the effects of increased salinity on freshwater ecosystems, especially in terms 
of its effect on ecosystems processes and how microorganisms that drive these processes are 
affected (Hart et al. 1991, Nielsen and Hillman 2000, Baldwin et al. 2006). The insights on microbe 
mediated processes and salinity influences have generally been extrapolated from comparisons from 
other ecosystems such as estuarine, marine and hyper-saline environments (Nielsen et al. 2003), or 
shifts in microbial populations along fresh to brackish water gradients (Bouvier and del Giorgio 
2002), rather than direct effects of salinity on the freshwater ecosystem processes and the microbes 
which play such a major role in it (Baldwin et al. 2006). Table 2.4 provides an overview of the 
information available on the possible effects of increased salinity on biogeochemical cycling driven 
by microorganisms.  
2.4.3.1 Direct Salinity Effects 
Salinity can affect aquatic ecosystems and biota directly and indirectly. Microorganisms can be 
directly influenced by changing salinity conditions as a result of osmotic stresses. Increased salinity 
will have direct physiological influences on the internal osmotic pressure of the cell, where the 
water is drawn out into the environment through diffusion, resulting in shrivelling of the cell.  The 
ability of the organism to osmoregulate and maintain enough pressure within the cell for growth is 
essential, as it will determine its growth rate. When external osmolarity increases, microbes can 
actively increase the solutes in the cytoplasm to maintain turgor. However, many enzymes lose their 
activity in high osmolarity. Therefore under severe conditions, the high intracellular concentration 
of solutes can result in toxic effects (Brown et al. 1986, Csonka and Hanson 1991, Lengeler et al. 
1999, Emphadinhas and Costa 2008). Hence, physiological ability to maintain internal pressure and 
the microbe’s ability to tolerate high intracellular solute concentrations is critical in determining 
how microbial communities may change in response to natural and anthropogenic perturbations of 
environmental conditions. 
Little is known of the effect of salinity on microbial community structure and processes they are 
involved in. In an early study by Valdes and Albright (1981) using culture techniques, water 
samples were spread onto marine and freshwater nutrient media, where results showed that only a 
small proportion of freshwater bacteria were tolerant to salinity. Bouvier and del Giorgio (2002) 
examined shifts in free-living Proteobacteria along an estuarine salinity gradient, and Gonzalez and 
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Moran (1997) investigated Proteobacteria dominance in coastal sea water. Both studies found clear 
shifts where the α-Proteobacteria dominated saline zones and the β-Proteobacteria dominated the 
freshwater regions or decreased salinity zones. Bouvier and del Giorgio (2002) also found clear 
relationships between the bacteria and organic carbon and nutrient loads which were difficult to 
differentiate from the salinity gradients. For example, α-Proteobacteria, which include nitrogen 
fixing and methane oxidizing microbes, are also associated with adaptations to nutrient deprived 
conditions. However, they are generally associated with marine systems (Zavarzin et al. 1991, 
Gonzalez and Moran 1997, Bouvier and del Giorgio 2002). Whereas β-Proteobacteria, which 
include nitrifying bacteria, are known to dominate lakes and rivers although are also found in 
coastal systems. They also have a clear relationship with increased organic carbon, and therefore it 
has been assumed that shifts in β-Proteobacteria abundance may be due to the carbon source (i.e. 
preference to organic terrestrial sources in freshwater systems over organic algae sources in marine 
systems) as well as salinity (Zavarzin et al. 1991, Pernthaler et al. 1998, Bouvier and del Giorgio 
2002). 
Abell et al. (2009) investigated nitrifying and denitrifying microorganisms and their functional 
genes in an estuary. Although salinity effects were not the focus of the study, it was found that 
community structure varied across different salinity regimes. Variation in organic matter was also 
found to influence microbial dynamics, where C:N ratios created shifts in nitrifying microbes and 
chlorophyll levels (i.e. algae) in denitrifying microbes. Additionally, within nitrifiers, denitrifiers 
and methanogens, shifts in microbial populations were generally found in the archaeal, rather than 
bacterial populations (Baldwin et al. 2006, Abell et al. 2009). 
Baldwin et al. (2006) examined the short term effects of salinisation on anaerobic nutrient cycling 
and microbial community structure in sediment from a freshwater wetland using microcosm studies. 
The main findings included that salinities below 5000 µS/cm had little effect on microbial structure 
as defined by Phospholipid Fatty Acid Analysis (PFLA). Using Terminal Restriction Fragment 
Polymorphism (T-RFLP) analysis, shifts in bacterial community were not found due to high sample 
variability. However, shifts in Archaeal community structure in response to increased salinity was 
found, especially where sample treatments grouped together in salinities over 500 µS/cm. Based on 
comparison of the terminal fragments against in silico digests, it was suggested that 
Methanosarcina spp were present in all but the highest salinities, and Methanosaeta spp were 
present across all salinities. This corresponded with the inhibition of methanogenesis and the 
suppression of net anaerobic respiration with increased salinity loads. The relationship between 
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increased salinity and inhibition of methanogenesis has been documented in several studies 
including soils and estuarine environments (Mishra et al. 2003, Joye et al. 2004, Weston et al. 2006, 
Waldron et al. 2007).  
2.4.3.2 Indirect Salinity Effects 
Indirect effects can occur through changes in turbidity and the chemical equilibria of the aquatic 
environment. For example salinisation in freshwater systems can decrease turbidity through the 
flocculation of suspended sediment. Decreased turbidity will increase the available light to a 
system, increasing the rate of photosynthesis and algal biomass. This can have further effects on 
microbial processes through the changes in nutrient dynamics including nitrogen (N), phosphorus 
(P) and carbon (C) (Grace et al. 1997, Nielsen et al. 2003, Baldwin et al. 2006). Increased salinity 
can also influence the chemical equilibrium by altering the adsorption and solubility of some 
minerals such as P, NH4 and Fe, which can be released into the environment at high salinities 
(Gardner et al. 1991, Seitzinger et al. 1991). This can have implications for microbial communities 
due to different nutrient availability as a result of changing the chemical equilibrium of nutrients 
and thereby change the dynamics of nutrient processes. Therefore, a shift in one process may result 
in shifts in other processes. The time scale and duration (short and long term) effects of increased 
salinity also needs to be taken into account. For example, increased salinity may result in an 
immediate increase in NH4 and P; however this can stabilize over time as communities adjust to the 
change in conditions.  
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Table 2.4: Overview of the information available on the possible effects of increased salinity on biogeochemical cycling driven by microorganism through redox reactions which occur down the 
sediment gradient.  
Process 
Electron 
Acceptor 
Energy 
Source & 
electron 
donor 
End 
Product 
Chemistry, metabolic and microbial effect Reference 
Anaerobic Respiration 
(Heterotrophs) 
  Estuary:  
Shifts in microbial composition occur along fresh to brackish gradients. 
The decline of bacterial abundance with increasing salinity. 
Freshwater wetland: 
Net anaerobic respiration suppressed by increased salt loadings 
PFLA analysis - Salinity <5000 µS/cm little effect on overall microbial community structure. 10000 
µS/cm substantial difference from other treatments in PFLA analysis on wetland samples 
T-RFLP analysis- Archaeal community shifts; sample treatments grouped together in salinities over 
500 µS/cm. No shifts in bacterial community structure found.  
2, 4, 12, 13 
 
Denitrification NO3
- Organic 
substances 
NO2
-, N2 Varies with salinity in estuaries  
Estuary:  
Denitrifying  communities related to salinity and chlorophyll-a  
Microbial populations varied temporally, rather than spatially 
1, 3, 5, 14 
 
Iron Reduction Fe3+ 
 insoluble 
Organic 
substances 
Fe2+ 
soluble 
Iron-oxide bioavailability increased with salinity in estuary environments 
Estuary:  
Microbial iron reduction appeared to account for the majority  of organic matter oxidation for 
several days after salinity intrusion (while methanogenesis decreased) 
2, 6, 15 
 
Sulfate 
Reduction 
SO4
2- Organic 
substances 
S⁰, H2S Not dominant in freshwater systems due to low amounts of SO4 in freshwater sediments. 
Estuary:  
Sulfate reduction dominant pathway (>50%) within 2 weeks of salinity intrusion, and >95% after 4 
weeks (therefore time frame of increased salinity in freshwater discharge may be important factor) 
Increased H2S nitrifying bacteria reduce NH4 oxidation, resulting in increased organic matter and 
therefore increased phytoplankton  
2 ,8, 9, 17 
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Process 
Electron 
Acceptor 
Energy 
Source & 
electron 
donor 
End 
Product 
Chemistry, metabolic and microbial effect Reference 
Methanogenesis organic 
acids or 
CO2 
Organic 
substances 
CH4 Methanogenesis dominant in freshwater systems.    
Freshwater wetland: 
Higher salinity results in CH4 suppression. CO2 production however was unaffected. Therefore, NaCl 
did not inhibit fermentative processes or anaerobic respiration but did inhibit methanogenesis. 
Archaeal (methanogen) community structure in a freshwater sediment shifted in response to NaCl 
loads. 
Estuary & Soils: 
Increased salinity can result in decrease methanogenesis 
2 ,7, 10, 17 
 
Aerobic Respiration  
(Autotrophs) 
    
Nitrification 
 
O2 NH4
+ 
NO2
- 
NO2
-, 
H2O 
NO3
- 
Higher nitrification efficiency in fresh water  
Estuary:  
Microbial population compositions varied spatially, rather than temporally 
Estuary & Freshwater wetland: 
Ammonia concentrations increase with increasing salinity – therefore implications for nitrification 
(this was also true for PO4) 
1, 2, 11,15, 
17 
Iron Oxidation O2 Fe
2+ Fe3+, H2O Estuary & Freshwater wetland: 
Increased salinity results in increased solubility of Fe, implications for Iron oxidation. 
Fe solubility coupled with P solubility. Therefore increased salinity results in release of phosphorus. 
However, increased Fe oxidation due to higher dissolved Fe will follow with precipitation of P. 
3 
 
References: (16: Valdes & Albright, 1981, 9: Lovley & Klug, 1983, 13: Prieur, et al., 1987, 6: Gardner, et al., 1991, 7: Hart, et al., 1991, 15: Seitzinger, et al., 1991 , 8: Joye & Hollibaugh, 1995, 12: 
Painchaud, et al., 1995, 5: Braker, et al., 1998, 3:Bothe, et al., 2000, 14: Scala & Kerkhof, 2000, 4: Bouvier & del Giorgio, 2002, 10: Mishra, et al., 2003, 11: Nielsen, et al., 2003 , 2: Baldwin, et al., 
2006, 17: Weston, et al., 2006, 1: Abell, et al., 2009 ).  
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Chapter 3: The Upper Isaac Catchment 
 
3.1 The Isaac Catchment 
The Fitzroy River Basin (FRB) in Central Queensland covers an area of approximately 150,000 km
2
 
and is the second largest seaward draining catchment in Australia. The region’s proximity to the 
Great Barrier Reef raises concerns on improving land and water management in the catchment to 
reduce sediment and nutrient delivery to the coastal region and reef zones (Douglas et al. 2005). 
The main land-uses in the catchment are grazing, agriculture and mining, with coal mining as the 
largest economic activity in the region (FBA 2011). The coal deposits in the FRB (Bowen Basin 
region) are the largest coal reserve in Australia and cover an area over 60,000 km
2
. This study will 
focus in the Isaac River Catchment, which is an ephemeral system with several coal mines located 
adjacent to the river and tributaries (Figure 3.1).  
The Isaac River Catchment has a sub-tropical climate, with a mean annual rainfall between 550 to 
650 mm and high evaporation rates (BOM 2012). The majority of the annual rainfall occurs during 
the wet season, between November and March (Appendix A-1). Due to the seasonal rainfall, river 
flows are episodic and many streams are ephemeral (Boulton and Brock 1999, McNeil and Cox 
2000, McMahon and Finlayson 2003). In addition to the seasonal rainfall and flows in the river 
system, long term weather patterns are influenced by southern oscillation effects. Further, extended 
drought periods are associated with El Niño and flood events and wet periods are associated with La 
Niña. The most recent floods in the FRC occurred in the wet seasons of 2013, 2011 and 2008. 
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Figure 3.1: Map of the study region. 
A) Map of Queensland with the Fitzroy River Basin (brown) and Bowen Basin in Queensland (grey) B) The Fitzroy River Basin 
including mining leases, major and minor rivers, major towns and the Isaac River Catchment.  
  
A 
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Fitzroy River 
Basin 
Isaac River 
Catchment 
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Coal Mine Water Discharge 
Regulated discharge from the mines in this region is an important component of overall water 
management on mine sites, particularly in areas such as the FRB with variable seasonal rainfall 
(Côte et al. 2010). Typically mines discharge only during periods of high rainfall, when the input of 
water to mine sites, through rainfall and runoff, exceed site operational requirements. During flood 
events such as in the wet season in 2007/2008, several of the mines in the FRB flooded and were 
forced to cease production. To resume production and for safety reasons, water in the pits had to be 
pumped out, resulting in prolonged discharge from some mine sites during the subsequent dry 
season. The prolonged discharge in 2007/2008 resulted in increased salinity in rivers in the FRB 
(Hart 2009, Vink et al. 2009) (Appendix A-2). 
3.2 Upper Isaac Tributaries and Sample Sites  
The study area, which will be referred to as the Upper Isaac Catchment, lies within the Isaac River 
Catchment where all tributaries sampled flow south easterly into the Isaac River. Coal mining is the 
major landuse in this region (DERM 2009, FBA 2011) and diversions from streams are often 
associated with this activity. Grazing livestock is another major landuse in the Isaac Catchment 
(FBA 2011). An overview of the tributaries and sample sites is provided in Figure 3.2. Six 
tributaries were sampled within the Upper Isaac Catchment, included a total of 29 sites used to 
assess microbial distribution. The sampled tributaries flow through Peak Downs and Saraji mine 
leases and sampling was subject to the requirements of mining companies. Cherwell, Ripstone and 
Boomerang Creeks flow through Peak Downs Mine, while Hughes, One Mile and Philips Creeks 
flow through Saraji Mine. Within each tributary, at least one upstream, mine dam or discharge point 
and one downstream site were sampled. Site selection was determined by access to stream reaches 
during stream flow and correspond to stream monitoring stations. Upstream sites refer to stream 
reaches upstream of mining operations with minimal environmental disturbance from mining.  Mine 
dams refer to water storages on mining leases and discharge channels/points refer to channels that 
receive discharges from Mine dams. Downstream sites were located downstream from all mining 
operations and discharge points. Sampled sites consisted of a 100 m reach and sampling strategies 
differed between chapters subject to environmental conditions at the time of sampling and the 
experimental design (overview provided in Chapter 4). The characteristics of each tributary 
sampled are summarised below.  
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Figure 3.2: Map of sampled tributaries and sites.  
A) Map of Fitzroy River System. The red box indicates the Upper Isaac Catchment. B) Map of Upper Isaac Catchment. Circles 
indicate sample sites and shapes indicate the river and tributaries sampled: Isaac River, Cherwell, Ripstone, Boomerang, Hughes, 
One Mile and Phillips Creeks. Appendix A-3 and A-4 provide sample site numbers and a list of names along with sample times for 
each site.  
Saraji Coal 
Mine 
Peak Downs 
Coal Mine 
Goonyella 
Coal Mine 
Isaac River 
Cherwell 
Ripstone 
Boomerang 
Hughes 
One Mile 
Phillips 
Grosvenor 
Isaac Diversion 
Moranbah 
A 
B 
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The Isaac River is the main river in the Isaac catchment into which all other tributaries flow. 
Because of the large catchment size, flow rates during the wet season can be significant (Figure 
3.4).  
The Cherwell tributary has a large catchment area and is composed of several creeks which run 
through Peak Downs Mine. The channel width at the sampled sites could span up to 30 m wide. 
Though Cherwell runs through the mine, mine water is not discharged directly into it. Instead, 
discharge occurs at Harrow Creek which feeds into Cherwell Creek further downstream. Harrow 
Creek receives discharge from 10 North and 7 North Dams.  
At Ripstone Creek sample sites, the creek channel width spanned approximately 6 m. Ripstone 
Creek receives mine water discharge from several dams; 4 North Dam located upstream of the 
mine, 1 North Dam, which receives water from the industrial area of the mine and 1 South Dam. 
Though an upstream site has been sampled, it must be noted that the site is close to 4 North Dam.  
Ripstone Creek is included in characterising habitats in this chapter; however it did not yield 
sufficient DNA or sequence data to be included in the analysis for microbial communities. 
The Boomerang tributary ranges in stream width between 5 to10 m and is fed by two smaller 
creeks upstream; North Creek and Middle Creek. Dams which discharge into the Boomerang Creek 
include 6 South Dam, 7 South Dam and Boomerang Dam. 
Hughes Creek with a cross section of approximately 10 m can experience high flow conditions 
during the wet season. Barret Creek flows into Hughes Creek via a diversion on-site. Dudley Dam 
operates as a clean water dam only; mine water is not released into the dam. It discharges into 
Barret Creek. 
One Mile Creek has two on-stream dams that act as a retention basin to reduce flows downstream 
from peaking in the wet season. However, this also results in prolonged flow compared with other 
streams. One Mile Creek is the main creek which is discharged into when discharge is required and 
occurs from Campbells’ Dam. 
Phillips Creek is a large creek and comparable to the size of Cherwell Creek at Peak Downs. South 
Creek runs into Phillips Creek. The mine dam located along this tributary is Lake Lester which 
operates as a clean water dam (where mine water is not released into the dam). 
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3.3 Seasonal Flow 
Figure 3.3 shows the seasonal variability of rainfall and river height in the Isaac River (DERM 
(2012) monitoring site at Goonyella 130414A) between September 2009 and March 2011.  Distinct 
seasonal patterns are apparent, with high rainfall between the months of December and March. 
During the dry seasons (green arrows), riverbeds were mostly dry, with remnant pools present at 
some of the sites. Sampling in the wet season (blue arrows), was under low flow conditions. Sample 
designs were subject to the variable flow conditions in the streams and access to sites. Detailed 
sampling methods have been provided within respective chapters.   
 
Figure 3.3: Seasonal variability in rainfall and river height at Isaac River.  
(DERM monitoring site at Goonyella 130414A) between September 2009 and March 2011 (BOM 2012, DERM 2012). The Arrows 
indicate sample times: dashed arrows indicate preliminary survey and the solid arrows indicate sampling for subsequent chapters 
(green arrows = dry season and blue arrows = wet season). Chapter 8 includes samples collected from all solid arrows. Red arrow 
indicates when mine site discharge occurred.  
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Figure 3.4 shows the variability in surface water flow. As discussed in Chapter 2, surface and 
hyporheic flow result in changing carbon and nutrient dynamics within episodic rivers. The physical 
and environmental conditions not only vary spatially but also temporally. As a result of different 
flow events, stream conditions can change with the deposition of large quantities of sediment. An 
example is provided in Figure 3.5, where physical conditions within Middle Creek are completely 
altered between seasons. In 2010, the stream reach was a depositional pond, with high organic 
matter as a result of leaf litter accumulation from surrounding vegetation. In 2011, flooding 
deposited sediment within the river reach, transforming the site into a low organic, sandy habitat. 
Conditions such as these repeating over time can result in organic matter deposits in deeper 
sediments and layers of sand and organic matter within the stream beds. Such occurrences are 
common within the catchment and result in highly variable conditions. Therefore, such variability 
in environmental conditions, both spatially and seasonally, are likely to change the availability of 
carbon and nutrients and thereby also influence the microbial community and processes within the 
stream sediments. 
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A 
 
B 
 
C 
 
Figure 3.4: Seasonal flow pattern in the Isaac River at the Grosvenor Isaac convergence.  
The photographs present an example of the variable flow in the system in A) the dry season with dry river bed, where river is fenced 
for containing cattle. B) During low flow in the wet season, with visible sand banks within the river reach and C) during high flow, 
with several meters of water following high rainfall in the region. 
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A 
 
 
B 
 
 
C 
 
 
Figure 3.5: Photographs of the same stream reach in Middle Creek (Upstream 2) between 2010 and 2011, showing altered physical 
conditions as a result of seasonal sediment deposition.  
A) Remnant pool with organic matter in May 2010 at the end of the wet season. B) Same stream reach in October 2010 during the 
dry season without surface water. C) The same stream reach in February 2011 following flooding in January and resulting in 
deposition of sand (low organic matter). 
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3.4 Characterising Habitats 
The spatiotemporal variation of environmental conditions in streams adds to the complexity for 
characterising microbial community distribution. The purpose of this section is to characterise the 
stream reaches sampled and determine the environmental characteristics that define habitat types. 
This allows microbial communities to be examined in the context of habitats, defined by these 
environmental parameters. Three locations were sampled at each sample site (100 m stream reach). 
Environmental variables were recorded for every sample location and a decision tree analysis was 
carried out in Primer-v6 using the physical variables listed in Table 3.1, to determine which 
parameters defined different habitat types.  
Table 3.1: Physical environmental variables used to define habitat type.  
The variables are visual estimates and were given a categorical score. 
 Parameter Score Variable range 
 Streams and Mine locations   
1 Natural or Modified/Mine 
0 
1 
2 
Stream 
Water storage dam on mine (Lake conditions) 
Modified channel on mine site (discharge point) 
 Floodplain zone   
1 Stream bank vegetation cover 
0 
1 
2 
Bare, some grass and shrubs 
Mainly grass and trees  
Mainly shrubs and trees  
 Channel Zone   
2 In stream vegetation growth 
0 
1 
2 
3 
Mainly bare (>90%) 
Small seedlings (>20%) 
Occasional shrub/tree 
Island with shrubs and trees  
3 Detritus: plant leaf-litter 
0 
1 
2 
3 
Little (0-10%) 
Some (10-50%) 
Moderate (50-75%) 
Extensive (>75%)  
4 Substrate type 
0 
1 
2 
3 
Bedrock and boulders 
Sand 
Layers:  sand and organic matter 
Layers: sand and coal 
5 Surface water/flow 
0 
1 
2 
3 
- 
No surface water/dry surface sediment 
No surface water, but saturated surface sediment 
Remnant pool/trickle 
Riffle/Flow 
>0.5 m stream height, sampling was not possible 
6 Visible biofilms 
0 
1 
2 
No visible biofilm 
Thin biofilm (< 2mm) 
Fe oxide seep/biofilm (> 2mm) 
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A decision tree using site characteristics to define habitat types is shown in Figure 3.6. Overall, 
seven habitats were identified according to the environmental characteristics. The characteristics 
that defined the different habitats were classified into three levels nested within each other; stream 
flow (based on the absence or presence of surface water), detritus levels and substrate type: 
Presence/Absence of surface water: Initial habitat characteristics were split between flow types: 
with and without surface water, a significant determinant in differentiating habitats (Linktree: 
R=0.76, B% 91.3, Euclidean distance Simprof Pi: 0.08, Sig% 4.4). Predominantly, river beds were 
dry during the sampling period October 2010 (dry season), though there were some sites with 
remnant pools. All sites sampled in the wet season had saturated sediments, with different levels of 
flow (pools/riffle to meandering streams).  Habitats 1 and 2 include habitats with dry river beds and 
no surface water flow. Habitats 3-7 had surface water present.  Therefore flow and season are 
related as flow was determined by differences in season. Further, modified habitats including mine 
dams and discharge channels have been characterised as separate habitats (Habitats 6 and 7). 
Detritus levels: within the presence and/or absence of surface water, habitats are further 
categorised by detritus levels.  In this study, detritus refers to an estimated % leaf litter on the 
surface sediments within the stream reach. Leaf litter was mostly composed of eucalypt leaves; the 
type of detritus and organic matter was not quantified in this study.  
Substrate type: Some of the habitats are further split into sub-habitats determined by the substrate 
type. Substrate type, describes the stream bed based on homogenous distribution of sand with depth 
or layers of organic matter and/or coal within the stream bed from previous organic matter and sand 
deposition.  
Descriptions, along with representative photographs have been provided for each habitat in Table 
3.2. 
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Figure 3.6: Habitat decision tree: branches in decision tree split by stream flow (absence or presence of surface water), detritus levels and substrate type.  
Seven habitats are identified; letters indicate sub-groups within the habitats.  A description of each habitat type is provided in Table 3.2. The colours used for each habitat are the colour codes used 
throughout this thesis. 
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Table 3.2: Habitats 1 to 7 from the decision tree in Figure 3.6.  
This table provides a brief description of each Habitat along with a representative photo of a stream reach, sediment type and 
sediment profile (when available). Sub-categories within each habitat type are indicated by letters a-c.  
Habitat 1 
Habitat 1 consists of dry river beds with no surface water, sand as the predominant sediment type and low levels 
of detritus. Stream banks are vegetated mainly by grasses and trees, however due to the large size of the stream 
reaches, overhanging trees are rare resulting in low leaf litter/detritus levels. In some stream reaches, seedlings 
and grasses grow within the stream reaches.   
1 
No surface water flow, low detritus (0-10%), sand as substrate homogenously distributed. Stream may 
contain seedling growth within stream bed. 
 
 
 
 
Habitat 2 
No surface water and dry river beds with increased levels of detritus and possible layers of deposited organic 
matter within the stream beds.  Stream reaches are smaller than Habitat 1 and have more surrounding vegetation 
resulting in higher detritus levels within the stream beds. Occasional shrubs and trees occur within the stream and 
root growth from trees is found throughout the stream beds. 
2a 
Homogenous sand in river bed. Stream bed may contain root growth from surrounding trees. Detritus 
levels >10% 
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2b 
Layers of organic matter and sand within river bed. The layers of organic matter can vary such as in b-1 & 
b-2: 
b-1 
 
Surface sediments as sand and leaf matter (Detritus >10%) and layers of organic matter in the deeper 
sediments from previous accumulation of detritus followed by deposition of sand, likely during high flow 
events. 
 
 
 
b-2 
High organic matter layer on surface sediment (>50%) deposited from surrounding vegetation with layers 
of sand beneath the organic layer. 
 
 
Photo not available: 
profile includes 
organic deposition on 
surface 
(approximately 15cm 
thick) with underlying 
coarse sand 
 
2c Sand as substrate with layers of coal within the stream bed 
 
Photo not available: surface 
sediments composed of sand, 
coal particles and scattered leaf 
litter 
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Habitat 3    
Riffle and/or flow, sandy sediments with low detritus within the streams. Stream banks are vegetated mainly by 
grasses and trees.  
 
 
Habitat 4    
Riffle and/or flow, with sandy substrate or bedrock and boulders underlying the sand. Stream banks are well 
vegetated resulting in deposition of leaf matter (detritus).  
4a 
Sand as predominant substrate, homogenous throughout top 30 cm of the sampled stream bed. Detritus 
>10%. A thin biofilm layer (<1 mm) was visible at most stream reaches. 
 
 
4b Bedrock and boulders with sand within rock pools. Some shrubs growing within the stream. 
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Habitat 5 
Groundwater seeps, with iron oxy-hydroxides formation. These groundwater seeps occurred along the edges of 
the stream reaches and stream islands.  
 
  
Habitat 6 
Mine discharge points and channels receive mine site discharge from the mine dams. The substrate is generally 
sand, with possible boulders, large rocks and scattered coal particles. Some vegetation consisting of grasses and 
shrubs are observed, though generally cleared, resulting in low detritus levels (<5%). At some discharge points 
visible suspended algae was observed in the surface water. 
 
 
Habitat 7 
Mine water storage dams from which mine water is discharged. These are generally permanent water bodies and 
exhibit lake like conditions and can evaporate to low levels during the dry season. 
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The distribution of the habitat types vary, depending on season and tributary (Figure 3.7). Habitats 1 
and 2 occur in the dry season, though there is one site in the Upper Isaac River with three different 
habitats within the 100 m stream reach (groundwater seep, dry river bed and remnant pool with 
surface water). In contrast, all sites in the wet season had saturated surface sediments, where several 
stream reaches had groundwater seeps present. In addition, as described above with an example as 
Middle Creek, habitat types will be re-distributed and change with seasons, in particular following 
flood events as a result of high flow rates and bed load movement.  
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A B Key: 
   
 
 
No surface water: 
Habitat 1: < detritus 
Habitat 2: > detritus 
a: sand 
b: layers 
 
Surface Water: 
Habitat 3: < detritus 
Habitat 4: > detritus 
 
Habitat 5: 
groundwaterseep 
 
Habitat 6: Mine dams 
Habitat 7: Discharge   
Channels 
 
Figure 3.7: Habitat distribution at sample sites. 
A) October 2010 during the dry season and in B) January 2011 during the wet season. Habitats correspond to habitat types described in Table 3.2. Some sites had multiple habitats within the 100 m 
stream reach, and are indicated by multiple colours within a circle. Three locations at each site were sampled; therefore one third of the circle represents the habitat type for each sample location.   
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3.5 Environmental Characteristics 
The variation in sediment carbon, nitrogen and water quality parameters are briefly discussed 
below. Triplicate surface and subsurface sediment samples were collected from each site for total 
carbon and nitrogen analysis and a surface and subsurface water samples were collected at each site 
when water was present (see Chapter 4 for analytical methods). Environmental factors in the Upper 
Isaac Catchment were measured to complement sediment microbial community analysis and 
examine how environmental factors may influence microbial community composition. This section 
describes the environmental conditions at the time of sample collection in the Upper Isaac 
Catchment. 
Sediment carbon, nitrogen and water quality at the sampled sites were variable, although a general 
trend towards oligotrophic conditions (low organic matter, nutrients and carbon) was observed 
(Table 3.3). 
Table 3.3: Environmental factors within the Upper Isaac Catchment, including the mean and the range from all samples collected, 
stream habitats and habitats from mine sites (dam and discharge channels). 
 
Mean SD 
Range Range Range 
 All samples 
Stream 
Habitats 
Mine  
Habitats 
pH 7.5 0.6 6.4 – 9.5 6.4 – 9.2 7.0 – 9.5 
EC (µS/cm) 857.8 856.3 158 – 8540 190 – 2016 159-8540 
Temperature (ºC) 29.3 3.1 23 – 38.5 23-38.5 26-31 
NH4-N (ppm) 0.06 0.12 <0.03 – 1 <0.03 – 1 <0.03 – 0.05 
NO2-N (ppm) <0.02 (0.005) <0.02 (0.022) <0.02  – 0.2 <0.02   <0.02  – 0.2 
NO3-N (ppm) 0.27 1.12 <0.03 – 7 <0.03 – 2.4 <0.03 – 7 
PO4-P (ppm) <0.02 (0.005) <0.02 (0.004) <0.02 -  0.03 <0.02 -  0.03 <0.02 
Total C (Weight %) 0.35 1.22 <0.01 – 13 <0.01 – 2 0.05 – 13 
Total N (Weight %) 0.07 0.04 <0.01 – 0.3 <0.01 – 0.3 <0.01 – 0.3 
C:N (Molar ratio) 4.55 9.87 0.06 – 84.2 0.06 – 28.6 1.3 – 84.2 
Sediment size(µm) 436 298 187-2000 187-2000 187 - 750 
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Sediment Carbon and Nitrogen 
The C:N ratio in sediments provides an indication if nitrogen is limiting and the potential for 
immobilisation and mineralisation of nitrogen. A high C:N ratio indicates slow decomposition and 
immobilization of nitrogen. A low C:N ratio indicates fast decomposition and mineralisation of 
nitrogen (Eiland et al. 2001, Cleveland and Liptzin 2007). The optimum C:N ratio for 
decomposition of organic matter by microbial communities has been reported to be below 
10:1(Anderson 1992, Cleveland and Liptzin 2007).  
The C:N ratios in the Upper Isaac Catchment were highly variable, ranging between 0.06 – 29:1 and 
a mean of approximately 5:1. No distinct differences between habitats or sediment depth were 
observed (Table 3.4). However, some patterns are evident; the C:N ratio in stream habitats were 
generally below a 10:1 and habitats with coal particulates showed high C:N ratios, as was observed 
in Habitat 2C (which contained layers of coal within the sediment bed) and Habitat 7 (mine 
discharge channels). It should be noted that overall total carbon and nitrogen contents within the 
system was low, and along with the low nutrient concentrations in stream water indicates 
oligotrophic conditions (Table 3.3). Therefore co-limitation of both carbon and nitrogen within the 
Upper Isaac is likely.  
The high variability in C:N ratios observed in these sediments was likely as a result of variable 
environmental conditions experienced with hydrology and depth as well as potential biases in 
sampling methods. Flow is highly variable within these streams, and has been shown to affect 
organic matter breakdown (Fischer et al. 2002, Claret and Boulton 2003, Datry et al. 2011). Organic 
matter in this study was based on observed differences in levels of detritus (as leaf litter) and coal, 
however types of organic matter and carbon have not been quantified. The layering of organic 
matter within the stream bed in some of the habitats may also have added to the variability of C:N 
ratios with sediment depth.  
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Table 3.4: Sediment C:N ratios presented for each habitat defined above .  
C:N is presented as average molar ratios. Sediment total carbon and nitrogen as Weight % have been provided in Appendix A-5. 
  Surface Sediments Deep Sediments 
 
 
C/N SD C:N SD 
Dry Habitats 
Habitat 1 0.5 - 1.1 - 
Habitat 2A 1.6 0.8 2.3 1.7 
Habitat 2B 4.2 3.6 7.0 9.5 
Habitat 2C 24.7 14.8 38.8 41.5 
Habitats with 
surface flow 
Habitat 3 1.1 0.9 1.3 1.6 
Habitat 4 3.0 2.9 3.0 5.5 
Habitat 5 0.9 1.2 2.0 - 
Mine Habitats 
Habitat 6 4.3 - -  -  
Habitat 7 13.0 16.2 33.2 13.8 
 
Water Quality 
Water quality within the Upper Isaac was also highly variable, with no clear patterns associated 
with tributaries, upstream-downstream location or the defined habitat types. Key observations are 
that nutrient concentrations are very low (Table 3.3). Phosphate concentrations were below the 
analytical detection limit for all water samples tested, except for one mine water sample at 0.2 ppm. 
Therefore PO4 is excluded from subsequent analysis. Further, NH4 correlates with stream habitats, 
though NO2 and NO3 are associated with habitats located on mine sites (Figure 3.8A and Appendix 
A-6).  When water quality in streams habitats are considered (excluding mine habitats) (Figure 
3.8B), a correlation between NH4 and deeper sediments is observed. However, it should be noted 
that NH4 concentrations were generally very low.  
Microbial communities are strongly influenced by pH, and pH is also closely associated with other 
water quality parameters (Nold and Zwart 1998, Paul 2007). pH was variable, ranging between 6.4 
to 9.5. Similarly, salinity as EC was also highly variable between streams and depth, ranging 
between 190 – 2016 µS/cm. The mine site habitats also showed highly variable salinity, with both 
the lowest and highest EC between 159 and 8540 µS/cm. 
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A B 
 
 
Key:   
 Habitat 1 
 Habitat 2 
 Habitat 3 
 Habitat 4 
 
 Habitat 5 
 Habitat 6 
 Habitat 7 
  
 
 Surface Water 
 Hyporheic Water 
  
  
 
Figure 3.8: PCA plots derived from water quality parameters.  
These parameters include pH, Electric Conductivity (EC) as salinity, NH4, NO3, and NO2. A) All samples for which water samples 
were collected, colour coded by habitat type defined in the previous section. B) Only stream samples (mine sample sites excluded), 
colour coded by depth. 
3.6 Discussion 
The streams in the Upper Isaac Catchment are ephemeral, with highly variable flow patterns. 
Distinct habitat types were identified based on the presence of surface water, presence of detritus 
and substrate types within these streams (summary in Table 3.5). Further, low nutrient and carbon 
concentrations indicate oligotrophic conditions with high variation in carbon, nitrogen and water 
quality parameters spatially and over the two sampled seasons.  
Environmental factors are important in controlling (and can also be influenced by) the 
microorganisms which drive the biogeochemical cycles in stream sediments (Ritz et al. 2004, 
Ramette and Tiedje 2007) . The habitat types defined in this chapter and environmental conditions 
described are likely to select for different microbial groups. The critical environmental factors 
driving the microbial dynamics within the Upper Isaac Catchment are not known and information 
on microbial composition within ephemeral systems is scarce. Understanding the response of 
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microbial community composition to environmental changes may provide key information for 
environmental monitoring and management. 
The environmental variability within this system was examined in the context of microbial 
community composition using 16S rRNA pyrosequencing (Methods Chapter 4). As microbial 
communities in the Upper Isaac Catchment have not previously been studied, Chapter 5 introduces 
the microorganisms, followed by examining microbial community composition in the context of the 
environmental factors and the habitats defined in this chapter (Chapter 6 and 7).  
Table 3.5: Summary table of different habitat types and their key characteristics based on the absence/presence of surface water, 
surface detritus levels (as leaf litter) and substrate type.   
The key indicated the colour by which the habitat types are plotted in subsequent figures. 
Flow type Habitat Characteristics Sub-Categories    
Level 1 Level 2  Level 3  
No 
surface 
water 
Habitat 1 Low detritus levels (<10%)  Substrate sand  
Habitat 2 Higher detritus levels (>10%) 
a Substrate sand  
b Substrate sand and detritus layers  
c Substrate sand and coal layers  
Saturated 
sediment 
and 
surface 
water 
Habitat 3 Low detritus levels (<10%)    
Habitat 4 Higher detritus levels (>10%) 
a Substrate sand  
b 
Substrate bed rock, boulders and 
sand 
 
Habitat 5 Groundwater seep     
Habitat 6 
Mine water storage dam, 
detritus (>5%) 
  
 
Habitat 7 
Altered channel/discharge 
point on mine site, low 
detritus (<5%) 
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Chapter 4: Methods 
 
4.1 Overview 
Chapter 3 discussed the study area and defined the habitats within the sampled sites in the Upper 
Isaac Catchment. The sampling regimes used are discussed in the results chapters. This chapter 
describes the analytical methods applied and Figure 4.1 provides an overview of the methods used 
in each of the chapters. Further, an assessment of sample storage on microbial community 
composition as a result of a freezer breakdown is provided in Appendix C. 
 
Figure 4.1: Overview of the methods used in each chapter 
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4.2 Microbial Analysis 
Molecular methods were used to investigate the microbial communities within the environmental 
sediment samples (Figure 4.2).  Genomic DNA (gDNA) was extracted from the environmental 
samples. The two main methods used within this thesis were terminal restriction fragment 
polymorphism (T-RFLP) and pyrosequencing using the 454 platform. The main sampling regime 
was investigated using pyrosequencing. The following section details the methods outlined in the 
flow chart. 
 
Figure 4.2: Flow chart of methods used to examine the microbial communities in the river sediment samples.  
This included DNA extraction from the environmental samples, the fingerprinting method T-RFLP using the bacteria and archaea 
domain specific primers and pyrosequencing using universal primers.   
4.2.1 DNA Extractions 
Genomic DNA was extracted from river sediment samples using a modified method of the MoBio 
PowerSoil kit (MO BIO Laboratories, Inc.). The method was optimised to achieve higher DNA 
yields and increased DNA quality to reduce DNA extraction biases in the method. Modifications 
included an increase in sediment quantity to 1.5 g to maximise the DNA yield from low biomass 
samples, heating sediments prior to bead beating and increased bead beating time and intensity. 
Bead beating intensity and time was optimised based on preliminary trials to ensure maximum 
DNA recovery and quality, as bead beating intensity has been shown to affect DNA extraction 
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efficiencies (Miller et al. 1999). Bead beating was conducted on a 24 Multi bead Beater (MP 
Biomedicals FastPrep-24) for 2 min at a speed setting of 6. Due to the increased sediment quantity 
and additional step was included; after bead beating the soluble fraction was transferred to another 
tube and the sample was centrifuged at 10,000 x g for 1 min.  Additionally, all incubation and spin 
times for each subsequent step in the PowerSoil kit protocol were doubled to ensure removal of 
particulate matter, proteins and humic acids. The time for DNA precipitation on ice was increased 
to 30 min due to the low DNA yields. The volume of Buffer C5 in the final wash step was increased 
to 600 µl to aid impurity removal. DNA was eluted in 2 lots of 50 µl nuclease free water. DNA 
concentration and purity was determined spectrophotometrically using the NanoDrop ND-1000 
(Thermo Fisher Scientific). Absorbance at 230, 260 and 280 were measured for DNA purity. Low 
260/280 ratios (<1.7) indicating protein contaminations, whereas low 260/230 ratios (<1) indicating 
possible humic acid contamination (Stach et al. 2001).  
4.2.2 Terminal Fragment Length Polymorphism (T-RFLP) 
4.2.2.1 Laboratory Method 
DNA concentrations were standardised and 20 ng of DNA was used for each 50 µl Polymerase 
Chain Reaction (PCR). The reaction mixture contained dNase free water, 20 ng DNA, 3 mM 
MgCl2,  0.05 U/µl AmpliTaq Gold Polymerase (Applied Biosystems),  1 x PCR Buffer II,  200 µM 
of each dNTP, 400 nM  of each primer. Two primer sets were used; one amplifying the Archaea 
and another the Bacteria domain (Table 4.1).  The forward primers were labelled at the 5’ end with 
a fluorescent dye, where 6-FAM was used for the bacterial primer set and HEX was used on the 
Archaea primer set to allow for multiplexing the T-RFLP run (Singh et al. 2006).  The cycling steps 
included an initial denaturing step for 5 min at 95˚C, followed by 30 cycles consisting of 94˚C for 1 
min, 55˚C for 1 min and 72˚C for 2 min and a final extension at 72˚C for 10 min.  To reduce 
possible biases due to preferential amplification PCR cycle numbers were kept under 35 and all 
reactions were conducted in triplicates as the minimum, and pooled (Osborn and Timmis 2000, 
Thies 2007).  PCR amplicons were visualised by gel electrophoresis on 1% agarose gels with 
ethidium bromide. Amplification products were purified using a Qiaquick PCR purification kit 
(Qiagen Inc). Samples were quantified on a NanoDrop ND-1000 (Thermo Fisher Scientific). 250 ng 
PCR product was digested with the restriction enzyme AluI as per manufacturer’s instructions. 
Restriction digests were incubated at 37˚C for 16 hrs. Digestion efficiencies were tested during the 
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method optimisation. After digestions the Archaea and Bacteria restriction fragments were 
combined for multiplexing (Singh et al. 2006) and ethanol precipitated. All T-RFLP were 
performed in duplicates. Samples were analysed at the Australian Genome Research Facility (Glen 
Osmond, SA, Australia) on an AB3730 Genetic Analyser (Applied Biosystems).  
Table 4.1: Primers selected for PCR and T-RFLP analysis of the bacteria and archaea domains. 
Domain Primer  Primer sequence Reference 
Bacteria 
6FAM-64F CA GGC CTA ACA CAT GCA AGT C (Marsh and Leadbetter 2005, 
Blackwood and Buyer 2007, Thies 
2007) 1389R ACG GGC GGT GTG TAC AAG 
Archaea 
HEX-109F ACK GCT CAG TAA CAC GT (Grosskopf et al. 1998, Baldwin et 
al. 2006) 915R GTG CTC CCC CGC CAA TTC CT 
4.2.2.2 Data Processing 
The size (in base pairs, bp) and abundance of fluorescent labelled terminal restriction fragments (T-
RFs) in the samples were determined using capillary electrophoresis and an internal size standard 
(LIZ-500). Electropherograms were visualised and processed using GeneMarker Genotyping 
software (SoftGenetics LLC®). Default settings for T-RFLP analysis were used, with the exception 
that the stutter and Plus-A filter was turned off and thresholding was not applied (i.e. intensity > 1, 
percent> 0, local % > 0). The abundance of each T-RF was determined based on florescent intensity 
and expressed in peak height. T-RFs with size of less than 55 bp were omitted from the profiles 
because such fragments may represent primers. The data were standardised using the constant 
percent threshold method (Sait et al. 2003). The standardised data were further normalised with 
peak heights expressed as a percentage of total peak height of the profile. TR-F binning was 
undertaken between duplicate samples, where the average of these peak values was calculated from 
duplicate profiles. If one of the replicates had  TR-F but not the other, the TR-F was considered a  
possible pseudo T-RF’s and therefore eliminated (Egert and Friedrich 2003). Preliminary samples 
were tested using multiple primer sets and digest enzymes to determine the best primer and 
enzymes sets. The chosen primers and enzymes were based on the most consistent results. The 
PRIMER software package (Plymouth Marine Laboratory, Plymouth, UK) was used for statistical 
analysis of the data, and the package Mica (Shyu et al. 2007) was used for in silico interpretation of 
T-RF fragments. 
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4.2.3 Pyrosequencing 
4.2.3.1 Sample Preparation 
Following extraction of DNA, the DNA concentrations were standardised to 20 ng/µl where 
possible. Concentrations already below this concentration were not further diluted. In preparation 
for sequencing, PCR tests were conducted on the samples to ensure they would amplify. These were 
performed in total reaction mixes of 25 µl containing dNase free water, 5 ng of extracted DNA, 3 
mM MgCl2,  0.05 U/µl AmpliTaq Gold Polymerase (Applied Biosystems),  1 x PCR Buffer II,  200 
µM of each dNTP, 400 nM  of each primer (Bacteria or Archaea primer set). The cycling steps 
included an initial denaturing step for 5 min at 95˚C, followed by 30 cycles consisting of 94˚C for 1 
min, 55˚C for 45 sec and 72˚C for 2 min. Finally, samples were held at 72˚C for 10 min to promote 
complete extension of the target sequence. PCR products were visualised by gel electrophoresis on 
1% agarose gels with ethidium bromide. 
4.2.3.2 Tag-Encoding FLX 454-Pyrosequencing 
After PCR testing, samples were sent to the pyrosequencing facility Research and Testing 
Laboratory (RTL) LLC (Lubbock, Texas, U.S.A), where the Tag-Encoded FLX 454 amplicon 
pyrosequencing (TEFAP) was performed based on protocols previously described (Dowd et al. 
2008). The 16S universal primers 926F (5’- AAACTYAAAKGAATTGACGG -3’) and 1392R (5’- 
ACGGGCGGTGTGRC -3’) (Amann et al. 1995) were used to amplify the  16S rRNA gene for the 
Bacteria and Archaea domain and the 18S rRNA gene in the Eukaryota (Engelbrektson et al. 2010). 
These primers amplify the variable regions V6-V8 of the small subunit rRNA. The primer set was 
chosen to be broad in order to cover the three domains.  This also is likely to have resulted in some 
limitations in picking up more exotic taxa, though the primer set were shown to have good 
taxonomic coverage. Taxonomic coverage for the primer set 926F and 1392R was determined using 
PrimerProspector (Walters et al. 2011). Coverage included all three domains Bacteria, Archaea and 
Eukaryota and details on phylogenetic coverage for each domain can be seen in Appendix B-1 and 
B-2.   
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4.2.3.3 Sequence Processing Pipeline 
Processing high throughput sequencing data is an active area of study in particular due to the rapid 
advancement of novel technologies (Kuczynski et al. 2012). The pipeline used for processing the 
sequences in this study is summarised in Figure 4.3 and includes procedures for reducing errors 
(both sequencing errors and PCR-based chimera sequences), assigning amplicon sequences to 
operational taxonomic units (OTUs) and determining taxonomy and phylogenetic relationships. 
 
Figure 4.3: A graphical depiction of the pyrosequencing procedure and pipeline.  
The flowchart includes the Molecular workflow, pre-processing of the raw data including denoising and pre-filtering, the clustering 
and classification of the filtered sequence data and data analysis.  
Data Pre-processing 
Raw sequences were passed through multiple stages of quality control to minimise sequencing 
errors (Csuros 1994, Huse et al. 2007). To minimise the effect of sequence artefacts, sequence 
quality checking and filtering were performed at the Research and Testing Laboratory LLC. 
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(Lubbock, Texas, U.S.A) as per Research and Testing Laboratory Pipeline protocol.  Briefly, 
sequences were sorted by length, the reads were dereplicated and clustered using USEARCH 
(Edgar 2010). This was followed by chimera detection and removal using UCHIME  (Edgar et al. 
2011). Further sequences were rejected if; sequence reads failed, did not match the barcode, did not 
match primer sequences and had an average quality score below 25. From this stage, the generated 
fasta and qual files were further process and subsequent data analysed using Qiime (Caporaso et al. 
2010). Further quality filtering was undertaken where sequences were excluded if sequence lengths 
were < 250 bp and > 550 bp and had a homopolymer sequence length longer than eight base pairs.   
Clustering, Aligning and Classification 
The remaining sequences were clustered into OTUs using UCLUST (Edgar 2010) with a sequence 
similarity threshold of 97% (Kunin et al. 2010). Alignments were built from the resulting 
representative set of OTU sequences using PyNAST (Caporaso et al. 2010).  Newick format trees 
were built from this alignment using FastTree (Price et al. 2010). 
Taxonomy was assigned to the representative OTU sequences with the retrained Ribosomal 
Database Project (RDP) classifier (Wang et al. 2007) using taxa from the Silva database (Pruesse et 
al. 2007). The Silva database was selected because it covers all three domains. 
4.3 Chemistry Methods 
At each sample sites, sediment and water samples were collected when available. Sediment samples 
were stored in sterile 15 ml polycarbonate tubes for total carbon and nitrogen analysis.  Electrodes 
were used to determine electric conductivity (EC as µS/cm), temperature (˚C) and pH. 
Measurements were taken directly in the field. Sample collection and the storage conditions are 
presented in Table 4.2, and the analytical methods used are further described below. 
4.3.1 Dissolved Nutrient Analysis 
Water samples were filtered after collection in the field (0.45 µm), transported on ice until return to 
the lab and stored frozen until analysis for dissolved nutrients. Ammonium (NH4
+
), nitrate (NO3
-
), 
nitrite (NO2
-
) and orthophosphate (PO4
3-
) concentrations were determined using a Lachat 
QuikChem800 Flow Injection Analyser (Clesceri et al. 1998). The detection limits were 0.02 ppm 
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for NO2 and PO4 and 0.03 ppm for NH4 and NOx. NO3 was calculated by subtracting NO2 from 
NOx. 
4.3.2 Sediment Carbon and Nitrogen Analysis 
Sediment samples were stored frozen until analysis. Samples were homogenised and dried at 80˚C. 
0.1 g (+/- 0.01 g) dried sediment was weighed into alumina boats. Total carbon and nitrogen was 
analysed using LECO Carbon nitrogen analyser (LECO TruSpec CHN analyser). Total carbon and 
nitrogen are expressed as Weight % and C:N ratios are calculated as molar ratios of carbon to 
nitrogen ratios. 
Table 4.2: Water and sediment parameters measure. 
The table displays two main columns. The left column lists the sediment samples collected and the right column list the water 
samples collected for different types of analysis. Details include the amount of sample required, storage conditions and method of 
analysis. The storage and analytical methods used are based on Csuros (1994) and Clesceri et al. (1998). 
Sediment Surface Water and Pore Water 
Measure Amount Storage Method Measure Amount Storage Method 
Total Nitrogen 5g freeze High 
Temperature 
Combustion 
(LECO) 
Dissolved 
Nutrients 
10ml freeze Colorimetric, 
FIA  NO3 
Total Carbon  NO2 
 NH4 
 PO4 
    Major Anions 50ml 4⁰C  
     Cl- FIA 
     HCO3
- Titration 
     CO3
2- 
     SO4
2-   ICP OES 
    Major 
Cations 
20ml 4⁰C ICP OES 
     Na+ 
     K+ 
     Mg2+ 
     Ca2+ 
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Chapter 5: Microbial Community 
Composition in an Ephemeral Stream 
System  
 
5.1 Introduction 
Microorganisms play an important role in the decomposition of organic matter, biogeochemical 
cycling of nutrients and interactions within the food-web of different trophic levels (Spring et al. 
2000, Newton et al. 2011). Microorganisms are also influenced by the external conditions of their 
environment. As a result of the environmental interactions with the surrounding environments, most 
aquatic ecosystems are highly heterogeneous with complex microbial community distribution. To 
manage ecosystem processes in aquatic systems, an understanding of microbial community 
composition is necessary in order to identify microbial groups and link these groups with their 
potential roles within the ecosystem (Nold and Zwart 1998, Fierer et al. 2007, Lozupone and Knight 
2007, Green et al. 2008, Nemergut et al. 2011, Portillo et al. 2012). 
In freshwater environments, the majority of studies are based on lakes, wetlands and perennial 
streams (Spring et al. 2000, Zwart et al. 2002, Newton et al. 2011, Portillo et al. 2012). The 
dominant microbial groups reported in freshwater ecosystems include Proteobacteria, 
Acidobacteria, Actinobacteria, Bacteroidetes, Verrucomicrobia and Cyanobacteria (Hartmann and 
Widmer 2006, Logue et al. 2008, Newton et al. 2011) although the composition of these groups 
varies across and within freshwater ecosystems (Nemergut et al. 2011).  
Chapter 3 described the environmental conditions within the Upper Isaac Catchment, an ephemeral 
stream system. One of the main differences compared with perennial ecosystems is the variation in 
flow, alternating between flowing streams and dry river beds. Few studies have examined the 
microbial communities in temporary streams. Rees et al. (2006) examined bacterial community 
structure using molecular fingerprinting methods in a semipermanent stream in Australia and 
reported differences in microbial community structure with seasonal flow. They also suggested that 
the dominant microbial groups were tolerant to desiccation. However, the microbial taxonomic 
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groups are unknown as a result of the fingerprinting methods applied. Zeglin et al. (2011) examined 
microbial communities using 16S rRNA sequencing of two ephemeral streams in desert conditions 
(Antarctica and New Mexico, U.S.A). They reported a relationship between microbial community 
compositions with stream moisture conditions, where both desert streams showed high proportions 
of Acidobacteria under dry conditions. Amalfitano et al. (2008) also suggested the changes in 
microbial community structure with sediment moisture conditions in a temporary river using 
microcosm experiments and indicated changes in carbon mineralisation with lower microbial 
mineralisation during sediment drying.  
The availability of nutrients and carbon, and water quality have also been shown to be major 
contributors to structuring microbial communities (Fischer et al. 2005). In particular, carbon 
appears to be an important regulator of microbial community structure (Eiler et al. 2003, Fierer et 
al. 2007).  In Chapter 3, low nutrient and carbon conditions in the Upper Isaac Catchment were 
described. These conditions were considered likely to select for microbial communities with 
competitive advantages in utilising nutrient and carbon sources. For example, Bacteroidetes have 
been reported to occur in higher abundances in lakes with high organic matter loads (Eiler et al. 
2003, Hutalle-Schmelzer et al. 2010). In contrast microbial groups such as Actinobacteria, 
Alphaproteobacteria and Acidobacteria contain members generally associated with low nutrient 
concentrations in freshwater ecosystems (Eiler et al. 2003, Haukka et al. 2006, Newton et al. 2011). 
The aim of this chapter is to examine the dominant taxonomic groups using 16S rRNA 
pyrosequencing. This chapter compares the major microbial groups found within these ephemeral 
streams with microbial communities found in aquatic ecosystems and provides insights into some of 
the potential metabolic traits and the role these microorganisms may play in ecosystem processes. 
In subsequent chapters, the findings will be extended to characterise microbial community 
composition in relation to the environmental conditions experienced in the Upper Isaac Catchment. 
5.2 Methods 
The largest data set sampled in this thesis was used in this chapter; with 168 samples across 6 
tributaries, for which 205,296 16S rRNA gene sequences were obtained.  Samples in this chapter 
are comprised of all sediments collected in the dry season (October 2010) and wet season (January 
2011) (Chapter 3, Figure 3.3). Samples used for Chapter 7 have been excluded (sampled in May 
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2010) as these samples were processed using different techniques; T-RFLP and pyrosequencing 
with different primers, conditions and analytical methods applied. Details on the differences in data 
processing have been provided in the methods section in Chapter 7.  
The phylogenetic tree of the microbial communities identified was generated with the ARB 
software package (Ludwig et al. 2004). A Greengenes database (Greengenes212849.arb, November 
2008) that included a core set of 3926 near full length 16S rRNA gene sequences representing the 
Bacteria, Archaea and Eukaryota were used to construct a tree with the neighbour joining method. 
250 representative sequences were chosen from the sequence dataset obtained from the sediment 
samples. The sequences were chosen to include one member from each of the dominant taxonomic 
Classes present. These were inserted into the core set tree using parsimony in ARB, after which the 
core set sequences were removed from the tree. The tree was manually checked to ensure they the 
taxonomic groups corresponded with the Silva database used for data analysis and processing 
(Pruesse et al. 2007). 
5.3 Results 
Microbial communities can be examined at levels from individual taxa, several taxa grouped 
together or as whole communities (Gonzalez et al. 2011). In this study the focus is at a whole 
community level, where the primers used for 16S rRNA pyrosequencing cover the Bacteria, 
Archaea and Eukaryota domains (Primer coverage in Appendix, B-1 and B-2). Figure 5.1 presents 
the phylogenetic groups found in the Upper Isaac Catchment, and Figure 5.2 displays the most 
abundant groups within the community. The other divisions which were present only in minor 
components (<0.5%) are listed in Appendix D-1.  
5.3.1 Bacteria 
With 32% of the sequences, the Proteobacteria represented the dominant phylum of all sequences. 
The Alphaproteobacteria and Betaproteobacteria were the predominant classes (Figure 5.2).  
Alphaproteobacteria are found in high abundances in freshwater, marine and soil environments and 
contain nitrogen fixers, methylotrophs and phototrophs (Kersters et al. 2006). The dominant orders 
within Alphaproteobacteria were Rhizobiales, Rhodobacteriales and Sphingomonadales (Appendix 
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D-2). Rhizobiales are considered aerobes with nitrogen fixing capabilities and are often associated 
as symbionts with plant roots, whilst some genera are also able to obtain their energy from methane 
and ammonia (Kersters et al. 2006, Kneip et al. 2007, Paul 2007). Rhodobacteriales and 
Sphingomonadales have been reported to be photosynthetic, though mostly known to be 
photoheterotrophs, rather than autotrophs, able to metabolise a wide variety of carbon sources 
(Kersters et al. 2006).  
Betaproteobacteria have been reported to dominate freshwater systems and include metabolic 
capabilities such as ammonia oxidation, denitrification and phosphate accumulation (Zavarzin et al. 
1991, Nold and Zwart 1998, Kersters et al. 2006). Dominant betaproteobacterial taxa in these 
sediments were uncultured cluster groups (for list of names see Appendix D-3) and 
Nitrosomonadales (Appendix D-3). Within the Nitrosomonadales, Nitrosomonadaceae was the 
predominant family, reported to be chemoautotrophic with ammonia oxidising capabilities 
(Purkhold et al. 2000, Ferguson et al. 2007).  
Other prominent bacteria in these sediments included members of the phyla Actinobacteria (12%), 
Acidobacteria (9.5%), Chloroflexi (8.7%) and Planctomycetes (6.2%). All these phyla include 
metabolically diverse bacteria and occur in many different environments and are particularly 
abundant in aquatic sediments and soils. Despite their widespread abundance, little is known about 
the metabolic capabilities of Acidobacteria and Actinobacteria. Thermoleophilia, Actinobacteria 
and Acidimicrobiia were the dominant classes present within the Actinobacteria phylum (Appendix 
D-5) (Goodfellow et al. 2012). Acidobacteria are generally considered acidophilic where their 
abundance is regulated by pH (Kuske et al. 1997, Rappé and Giovannoni 2003). 
The predominant classes within the phylum Chloroflexi included the classes Anaerolineae, 
Caldilineae and Chloroflexia and include aerobic thermophiles, anoxygenic phototrophs, 
heterotrophs and anaerobic groups (Bryant and Frigaard 2006). Planctomycetes were also found in 
relatively high abundance within the stream sediments with Planctomycetacia as the predominant 
class (Appendix D-4). These were composed of groups with potentially a wide range of metabolic 
functions including chemoheterotrophs and the anammox bacteria (Fuerst 1995, Ward et al. 2005, 
Buckley et al. 2006). 
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Figure 5.1, displays a group labelled Chloroplasts, closely related to the Cyanobacteria. This group 
clusters with the Cyanobacteria (Pruesse et al. 2007) and when examined at a higher taxonomic 
resolution includes euglenoid (Eukaryota) and uncultured Cyanobacteria related taxa. This 
indicates photosynthetic capabilities within the group and the phylogenetic placement of the 
euglenoid Chloroplast sequence is likely indicative of symbiotic relationships between 
Cyanobacteria and protists (Bryant and Frigaard 2006, Kneip et al. 2007, Whitton et al. 2012). It is 
recognised that the chloroplasts are likely a combination of cyanobacteria, euglenoids and also are 
likely to include potential algae derived chloroplasts. 
5.3.2 Archaea 
The Archaea only represent a minor fraction of the total community (1%), however Crenarchaeota 
Soil group (scg) constitute up to 88% of all Archaea, of which the majority consisted of Candidatus 
Nitrososphaera closely related to ammonia oxidising which have recently been  reclassified into the 
Phylum Thaumarchaeota (Pester et al. 2011, Spang et al. 2012) (Appendix D-5). Other groups 
observed in lower abundance include uncultured strains consisting of clusters within the 
Crenarchaeota from thermophilic habitats in South African gold mines (SAGM cg 1: Takai et al. 
(2001)) as well as marine strains described in oligotrophic marine environments, suggested to have 
nitrifying capabilities (Marine group i: (Durbin and Teske 2010, Hu et al. 2011) (Appendix D-5). 
Amongst the Euryarchaeota phylum, Methanomicrobia and Thermoplasmata were the dominant 
classes. 
5.3.3 Eukaryota 
In the Eukaryote domain, unclassified samples along with Metazoa and Viridiplantae were the 
dominant groups, though Alveolata, Fungi and Stramenopiles were also present. This data provides 
insights into the major Eukaryota phyla within these sediments though abundance data needs to be 
viewed with caution as the majority of the eukaryotes were multicellular and Eukaryotes contain a 
larger genome size compared with prokaryotes (Bik et al. 2012). 
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Figure 5.1: Phylogenetic tree of the taxonomic groups (at a phylum level) in the Upper Isaac Catchment.  
Major phyla are depicted in wedges. The size of the wedges corresponds to the number of taxonomic orders present within the 
phylum. The estimated sequence divergence is indicated in the scale bar.  
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Figure 5.2: Phylogenetic composition of microbial community in the Upper Isaac Catchment as relative abundance  
for A) major phyla (>0.5%) corresponding to the phylogenetic tree in Figure 5.1. List of the taxonomic groups with minor 
abundances, <0.5% have been provided in Appendix D-1. From all sequences, 0.3% remained unclassified. B) Bar graph of the 
relative abundance of Proteobacteria classes within the microbial community (further breakdown of Proteobacteria groups have 
been provided in Appendix D-2) 
0 
2 
4 
6 
8 
10 
12 
A
lp
h
a 
B
et
a 
D
el
ta
 
G
am
m
a 
O
th
er
 R
el
at
iv
e 
A
b
u
n
d
an
ce
 (
%
) 
 71 
 
5.4 Discussion 
The Bacteria were the most abundant domain within these sediments, followed by the Eukaryota 
and Archaea.  The dominant microbial groups found in the Upper Isaac Catchment sediments were 
Proteobacteria (Alphaproteobacteria and Betaproteobacteria), Actinobacteria, Acidobacteria, 
Chloroflexi and Planctomycetes. These groups are consistent with data on other freshwater systems 
where Proteobacteria (in particular the Alphaproteobacteria and Betaproteobacteria classes), 
Actinobacteria, Acidobacteria and Planctomycetes have been reported to be some of the dominant 
phyla in freshwater systems (Glockner et al. 1999, Spring et al. 2000, Zwart et al. 2002, Logue et al. 
2008, Portillo et al. 2012). The high abundances of Chloroflexi found in the sediments in this study 
are observed in freshwater systems, though not commonly abundant. The Chloroflexi, known to 
include many primary producers, have been found to occur in higher abundances in intertidal 
wetlands compared with freshwater sediments (Wang et al. 2012). 
Several key observations were made on the microbial communities in these ephemeral streams in 
association with their potential functional traits, such as a) microorganisms associated with low 
carbon/nutrient conditions, b) microbes with spore forming capabilities, tolerant to sediment 
desiccation, c) microbial groups with phototrophic capabilities associated with primary production 
and d) insights into microbial groups in relation to the nitrogen cycling.  
5.4.1 Low Carbon and Nutrients 
Alphaproteobacteria, Acidobacteria and Actinobacteria were the dominant bacteria in the Upper 
Isaac Catchment sediments. These phyla have generally been reported to be associated with low 
nutrient and carbon conditions. It has been suggested that Alphaproteobacteria have a competitive 
advantage in low nutrient environments (Spring et al. 2000, Eiler et al. 2003, Pinhassi and Berman 
2003, Kersters et al. 2006). Similarly, low nutrient conditions in lakes have been show to be 
associated with higher abundances of Actinobacteria  (Haukka et al. 2006, Humbert et al. 2009, 
Newton et al. 2011) and Acidobacteria  (Fierer et al. 2007, Ge et al. 2010, Ludwig et al. 2010). The 
dominant bacterial groups found within the Upper Isaac Catchment sediments, correspond with the 
low carbon and nutrient conditions which occur in these ephemeral streams, as described in Chapter 
3.  
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Common freshwater groups such as Bacteroidetes and Verrucomicrobia have been reported to 
occur in high abundances in freshwater systems (Glockner et al. 1999, Spring et al. 2000, Zwart et 
al. 2002, Logue et al. 2008, Portillo et al. 2012). These groups were observed in the Upper Isaac 
Catchment sediments, though where less dominant compared with the other phyla listed above. 
These two microbial groups have been reported to be associated with high organic matter loads in 
lakes (Eiler et al. 2003, Hutalle-Schmelzer et al. 2010, Newton et al. 2011) and streams (Fierer et al. 
2007). This may explain their relative lower abundance in the Upper Isaac Catchment, as a result of 
low carbon and nutrient conditions experienced in these sediments.  
5.4.2 Desiccation Resistance 
With the high variability in flow, taxonomic groups resistant to sediment drying were observed; 
with high abundances of microbial groups with spore forming capabilities. The dominant groups 
Acidobacteria and Actinobacteria are generally thought to contain oligo-heterotrophs found in 
nutrient poor conditions (as described above) and also have spore forming capabilities. Higher 
abundances of Acidobacteria under dry sediment conditions in ephemeral desert streams were 
reported by Zeglin et al. (2011), indicating these groups are adapted to the long periods of 
desiccation. Actinobacteria have been reported to have strong UV resistance and are also able to 
produce spores to survive desiccation (Ventura et al. 2007, Newton et al. 2011, Gao and Gupta 
2012). Spore forming characteristics were also observed in other groups identified in the Upper 
Isaac Catchment. For example Myxococcales, the predominant order within Deltaproteobacteria in 
these sediments, have been reported to produce myxospores under stressed conditions (Nold and 
Zwart 1998, Kersters et al. 2006) and Bacilli, the dominant group within Firmicutes in these 
sediments, have been reported to be able to produce dormant spores under unfavourable conditions 
such as low moisture conditions and depletion of nutrients (Paredes-Sabja et al. 2011). The 
differences in microbial community composition with varying flow conditions between a dry and 
wet season in the Upper Isaac Catchment are further examined in Chapter 6. 
5.4.3 Primary Producers and Food Web Interactions 
Many of the bacterial phyla in the Upper Isaac Catchment include groups with phototrophic 
capabilities including Chloroflexi, Cyanobacteria, Bacteroidetes, Alphaproteobacteria and 
Acidobacteria (Bryant and Frigaard 2006, Paul 2007). The eukaryotes include primary producers 
including diatoms (Stramenopiles) and green algae (Streptophyta) (Paul 2007, Fedonkin 2009). The 
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high abundance of primary producers are likely to play an important role in the nutrient retention, 
cycling and release in these stream sediments (Thorp and Delong 1994, Bunn et al. 2003, Fellows et 
al. 2007, Risse-Buhl et al. 2012).  
Other eukaryotes, considered as ‘microscopic eukaryotes’ (<1mm in size) were also observed and 
include Metazoans, Fungi and linearages of protozoa (Alveolata, Rhizaria and other environmental 
eukaryotes). The associated food webs with microbial communities are important in contributing to 
higher trophic levels as a food source and also the recycling of nutrients (Meyer 1994, Hall and 
Meyer 1998, Naeem et al. 2000, Risse-Buhl et al. 2012). 
5.4.4 Nitrogen Cycling 
High abundances of Nitrosomonadaceae (Betaproteobacteria) along with the phylum Nitrospira 
and the Candidatus Nitrososphaera (Crenarchaeota Soil Group (scg) - Thaumoarchaeota) 
indicated that ammonia oxidation and nitrification may be important processes in the sediments of 
these streams. The coarse sand in the streams is likely to provide ideal conditions for these aerobic 
microbial processes as a result of increased flow and aeration within the sediment.  
Planctomycetes, a dominant phylum in these stream sediments, has been reported to be widely 
distributed in freshwater, marine and soil habitats and include groups with wide a range of 
metabolic functions including chemoheterotrophs and also the anammox bacteria (Fuerst 1995, 
Buckley et al. 2006). Anammox metabolism is based on anaerobic oxidation of NH4 and NO2 to 
yield N2 gas (Strous et al. 2006). It is possible that in combination with the ammonia oxidisers 
(which convert NH4 to NO2), anammox may be an important process in these sediments co-existing 
with denitrifiers. As denitrifiers require a carbon source, under low carbon conditions anammox 
may be the main pathway in transforming products from nitrifiers into N2 gas (Risgaard-Petersen et 
al. 2003, Burgin and Hamilton 2007).  
Denitrifying bacteria are taxonomically diverse, and span many phylogenetic groups. The 
taxonomic resolution using 16S rRNA pyrosequencing in this study was not sufficient to determine 
the abundance of denitrifiers. Though groups known to contain denitrifying  members were found 
in these sediments, including the Firmicutes (Bacillales), Alphaproteobacteria (Rhodobacterales), 
Gammaproteobacteria (Pseudomonadales), Betaproteobacteria (Burkholderiales) and the 
Actinobacteria (Zumft 1997, van Spanning et al. 2007, Ward et al. 2009).  
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5.5 Conclusions 
The abundant bacterial groups observed in the Upper Isaac Catchment are consistent with those 
commonly found within freshwater and tidal wetlands. Some key attributes of microbial community 
composition are evident; with high abundances of a) microorganisms associated with nutrient poor 
conditions, b) spore forming bacteria indicating resistance to sediment desiccation; and c) primary 
producers (both prokaryotes and eukaryotes). This shows adaptation of the microbial community 
structure to the ephemeral conditions.  
Abiotic factors are a major component in determining microbial community structure (Nold and 
Zwart 1998, Lozupone and Knight 2007); therefore due to the variability and nature of the system it 
is important to investigate how the changing environmental conditions influence microbial 
distribution within the Upper Isaac Catchment. By understanding the interactions between the 
abiotic factors and microbial distribution we can begin to examine how anthropogenic effects 
impact microbial communities and the processes they drive.  
This chapter provided insights into the major microbial groups found within the Upper Isaac 
Catchment. The next chapter, Chapter 6 builds on these findings and examines how the variation in 
environmental conditions described in Chapter 3 control the distribution and abundance of these 
microbial communities. 
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Chapter 6: Microbial Community 
Distribution in the Upper Isaac Catchment 
 
6.1 Introduction 
This chapter provides a framework for understanding the distribution of microbial communities in 
streams in the Upper Isaac Catchment (described in Chapter 5). Understanding the relationships 
among microbial communities, the abiotic environment and ecosystem processes will allow us to 
predict ecosystem response to changing environments, particularly in the context of coal mining in 
the region. The aim of this chapter is to compare microbial community composition in the context 
of environmental factors. In particular it examines microbial community composition across 
habitats which harbour different physical environmental conditions, previously described in Chapter 
3. Microbial communities in stream sediments in the Upper Isaac were sampled at two time points, 
once during the dry season in which stream beds were dry (October 2010) and once following a 
flood event in the wet season under low flow conditions (January 2011). 16S rRNA gene 
pyrosequencing was used to examine the distribution of microbial communities.  
6.2 Methods 
6.2.1 Sample Design 
The sample sites were previously described in Chapter 3. A total of 168 samples were collected 
from 24 sites in October 2010 and January 2011. The sampling regime employed is represented in 
Figure 6.1. Each site consisted of a 100 m reach, from which three locations were randomly 
selected for sampling. At each location, sediments were collected from two depths. Sampling at 
each location depended on the river bed conditions; if the stream site had surface water or a dry 
river bed. Environmental characteristics were recorded and this included notes on vegetation cover, 
river morphology and flow conditions. These were also used to define habitat types in Chapter 3. 
Sediment samples were stored in sterile 15 ml polycarbonate tubes for microbial community, total 
carbon and nitrogen analysis. During the sample phase, all sediment samples were stored at 0 ˚C for 
up to 1 week. Once in the laboratory, samples were stored at -30˚C until further molecular analysis. 
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Water samples were collected for nutrient analysis and stored at -20 ˚C until processed. When water 
was present, salinity, pH and temperature were recorded.   
When river beds were dry, holes were excavated at each of the three sampling locations until the 
water table was reached, as indicated in Figure 6.1C.  If the water table was not reached, samples 
were taken at the deepest point (approximately 1-1.25m depth). Sediment samples were collected at 
the depth at which saturated sediments were reached and approximately half way between the water 
table and the stream bed surface, where sediments were moist. Sampling depths and sediment 
profiles were recorded. If the water table was reached, water samples for water quality parameters 
were collected using piezometers. Samples taken from the dry surface sediment did not yield 
sufficient DNA for PCR amplification during preliminary tests. 
When surface water was present, sediments were sampled at each of the three locations using a 
corer (5 cm diameter), from which sediments were collected from the top 5 cm and at 
approximately 30 cm depth as shown in Figure 6.1D. Surface and hyporheic water samples were 
collected for each site, though unfortunately not at each sampling location due to restricted time and 
storage capacity. Therefore the variation in water quality within a site during low flow conditions 
has not been assessed. Under ideal sample conditions these would be sampled in triplicate along 
with each sediment sample.  
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Figure 6.1: Photos of representative sites during different flow conditions.  
A) Cherwell DS in October 2010; B) Cherwell Mine in January 2011. Schematic presents the sampling regime including plan and cross section of the 100 m stream site for C) dry river bed conditions 
such as in October 2010; and D) low flow conditions as in January 2011. Crosses represent the three sampling locations within each site (not representative of random selection of location within site) 
and boxes indicated sediment samples collected. Beige colouring is the stream bed and blue represents stream water.  
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6.2.2 Analytical Methods 
DNA extraction and pyrosequencing were processed and analysed following previously described 
procedures (Methods Section 4.2) and analytical methods for water quality and sediment carbon and 
nitrogen analysis were described in Methods Section 4.3. The samples and sequences in this chapter 
correspond with the samples used to describe the microbial community composition in Chapter 5. 
6.2.3 Statistical Analysis 
Multivariate statistical analyses on microbial communities were carried out with the software 
Primer-v6 (Primer Ltd, Lutton, UK) and QIIME 5.1.0 (Caporaso et al. 2010). Diversity and 
environmental analysis were carried out in SPSS (PAWS Statistics V18). Alpha diversity metrics, 
were calculated using Primer-v6 using rarefied samples to a depth of 1222 sequence reads generated 
from QIIME. The rarefaction curves are presented in Appendix E-1. 
6.2.3.1 Community Structure Analysis 
Pyrosequence data was rarefied to 1,222 sequences prior to data analysis. The relative abundance of 
phylotypes excluded doubletons. For OTU based beta diversity assessments, the relative abundance 
was transformed via square root to minimise the influence of dominant OTU’s from which Bray-
Curtis similarities were calculated.  Further, the phylogenetic-based matrices UniFrac (Lozupone et 
al. 2006) were generated in QIIME 1.5.0, where both pairwise unweighted and weighted Unifrac 
distances were produced. The abundance matrices were imported into Primer-v6. Only the Bray 
Curtis results have been provided and used in the thesis, though results were plotted and viewed 
using all three matrices. An example comparing the matrices on the microbial data can be seen in 
Appendix E-2.  
Similarity and distance based matrices were visualised using non-metric multi-dimensional scaling 
(MDS) and principal coordinate analysis (PCoA). MDS were used due to the flexibility in 
converting (dis)similarity to distance and preserving these relationships in low-dimensional space 
(Clarke and Gorley 2006, Ramette 2007). MDS can also reduce artefacts such as the ‘horseshoe’ 
effect, observed in some of the data (Appendix E-2) (Gonzalez and Knight 2012). A stress value 
was calculated to measure the difference between ranks on the MDS ordination and the original 
dissimilarity matrix. 
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Both Analysis of Similarity (ANOSIM) and Permutation Multivariate Analysis of Variance 
(PERMANOVA) were conducted to test if there was a significant difference between groups and 
confirm differences in the ordination plots. Both tests were conducted on all occasions and gave 
similar statistical outcomes. Description of differences between the non-parametric ANOSIM and 
PERMANOVA can be found in Anderson and Willis (2003) and Anderson et al. (2009). Further, to 
compliment PERMANOVA, the Routine PERMDISP was carried out to test the homogeneity of 
multiple dispersion using the Index of Multiple Dispersion (IMD) (Clarke and Gorley 2006, 
Anderson et al. 2009). The number of permutations for all statistical tests carried out was 9999.  
To test which taxonomic groups were responsible for differences between statistically different 
groups, Similarity Percent Analysis (SIMPER) was carried out in Primer-v6 (Clarke and Gorley 
2006). SIMPER was applied and examined at a phylogenetic class, order and family level, though 
comparisons described in this chapter are predominantly at a class level, when differences in taxa 
abundance between groups are described. 
6.2.3.2 Relationship between Community Dynamic and Environmental Factors 
Environmental Variables 
Twenty-one environmental variables were recorded at each sample site and are listed in Table 6.1.  
Environmental variables were checked for normal distribution, and skewed variables were 
transformed as indicated in Table 6.1 (Draftsman plots of the environmental variables before and 
after transformations are presented in Appendix E-3 and E-4). As environmental variables differed 
in measurement scales they were normalised by subtracting the mean and dividing by the standard 
deviation (SD) (Yannarell and Triplett 2005).   
Statistical Methods 
To determine how much of the microbial community variability is explained by each set of 
environmental factors both Distance Based Linear Models (DISTLM) and Canonical Analysis of 
Principal Coordinates (CAP) were undertaken on pyrosequence data. Analysis was based on OTUs, 
though the analysis was also conducted on the taxonomic Family and Order levels to ensure the 
model applied at each taxonomic level. The patterns were found to be similar at each taxonomic 
level. This allowed the results to be discussed at different taxonomic resolutions for identifying 
functional groups or specific taxonomic groups of interest. 
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Prior to running the DISTLM and CAP analysis, all community data matrices were square root 
transformed and environmental variables were examined for correlations, where redundant 
variables were excluded from the analysis (correlations larger than 0.8). Further, PO4 was excluded 
from the analysis as with the exception of one samples all PO4 concentrations were below the 
analytical detection limit.  
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Table 6.1: The environmental factors measured from the sediment samples.  
* indicates categorical data.  
Environmental Factor Units/Data Value  Transformation 
Temporal    
Season (Dry and Wet) Date 1. October 2010  
2. January 2011 
* 
Spatial    
latitude latitude        
longitude longitude     
Tributary Tributary name and 
number 
1. Isaac 
2. Cherwell 
3. Boomerang  
4. Hughes 
5.One Mile 
6. Philips 
* 
Depth-a  1. Surface (top 5cm) 
2. Mid (when surface flow 30 cm depth. In dry 
river bed, ~45 cm depth) 
3.Deep (only in dry river beds, between 60 – 100 
cm) 
* 
Depth(cm) cm cm from surface of sediment log(x+1) 
Physical variables (from habitat classification in Chapter 3) 
In stream vegetation 
growth 
Occurrence of 
seedlings, shrubs and 
trees within stream 
reach 
1. Mainly bare (>90%) 
2. Small seedlings (>20%) 
3. Occasional Shrub/tree 
4. Island with shrubs and trees 
* 
Detritus % sediment covered 
by leaf debris 
1. Little (0-10%) 
2. Some (10-50%) 
3. Moderate (50-70%) 
4. Extensive (>75%) 
* 
Substrate Type Predominant 
substrate types in 
stream bed 
0. Bedrock and boulders 
1. Sand 
2. Layers: sand and organic matter 
3. Layers: sand and coal 
* 
Sediment size Predominant particle 
grain size  
Estimated from Wentworth Scale log(x+1) 
Coal % % of sediment Estimated from Wentworth Scale acsin   
Sediment moisture  1. Dry sediment 
2. Moist sediment 
3. Saturated sediment (water quality data 
available) 
* 
Sediment variables    
% carbon %  log(x+1) 
% nitrogen %  log(x+1) 
C:N  ratio  log(x+1) 
Water variables    
pH      
Salinity (EC) µS/cm  log(x) 
Temperature °C     
NH4 ppm  X
0.25 
NO2 ppm  X
0.25 
NO3 ppm   X
0.25 
PO4 ppm (excluded as below detection limit) X
0.25 
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Distance Based Linear Model (DISTLM) 
Distance Based Linear Model (DISTLM) applied in Primer-v6 was used to examine the microbial 
variation explained by the measured environmental factors. To determine the relative contribution 
of the environmental factors on the total variability observed between microbial communities, 
canonical partitioning was applied. The Best AIC model was used. Best is a procedure which 
examines the value of the selection criterion for all possible combinations of predictor variables. 
AIC (An Information Criterion) was applied, where the value of AIC will not continue to get better 
by increasing the number of predictor variables, unlike in the R
2
 model (McArdle and Anderson 
2001, Anderson et al. 2009). 
Canonical Analysis of Principal Coordinates (CAP) 
Canonical Analysis of Principal Coordinates (CAP) analysis was used to assess the relationship 
between the structure of microbial communities and environmental parameters. CAP is a 
constrained ordination procedure which finds the axis in the principal coordination space that best 
discriminates among priori groups and has the advantage and flexibility of allowing any distance or 
dissimilarity measure (Anderson and Willis 2003, Anderson et al. 2009). The approach is very 
similar to the DISTLM procedure described above, but is based on unimodal-environment 
relationships whereas the DISTLM analysis is based on linear models. Therefore CAP is often 
considered the method of choice for ecology data including abundance and occurrence of species, 
accommodating the absence of species at sites (Ramette 2007).  
The CAP analysis was constrained by habitat and permutation tests for significance of canonical 
relationship was undertaken using 9999 permutations (P<0.05). Relationships were examined by 
superimposing vectors corresponding to correlations of environmental variables and taxonomic 
data. To choose the appropriate number of PCO axis (m) for the discrimination analysis the 
following diagnostic criteria were used as per Anderson et al. (2009): tr(G) the proportion of 
variation explained by the first m PCO axis, ssres the leave-one-out residual sum of squares, δx
2
 the 
size of x squared canonical correlation and % correct, the percent of the left-out samples that were 
correctly allocated using the first m PCO axis for the model. The plots for the diagnostic criteria for 
each CAP analysis are presented in Appendix E-9 and E-10. 
  
 83 
 
6.3 Environmental Factors Driving Microbial Communities 
Chapter 3 described the habitats and variation in measured environmental factors, and Chapter 5 
described the dominant microbial communities. This section provides insights into which 
environmental factors are important in predicting microbial community distribution in the Upper 
Isaac. Section 6.4 then further goes into characterising microbial community composition between 
habitat types in the context of these environmental factors. The environmental factors measured 
include: 
 Temporal Factor: differences between two sample times, representing  a dry (October) and wet 
(January) season; 
 Spatial Factors which incorporated the tributaries sampled and sediment depth;  
 Descriptive/Physical factors included observations at each sample location such as detritus levels, 
substrate type, % coal within sediment and stream vegetation (Table 6.1); 
 Sediment total carbon and nitrogen; and 
 Water quality parameters (Chemical factors) when water was available. 
Due to the ephemeral nature of the streams, stream beds were dry at most sites in the dry season and 
the water table was not reached within 1 m depth at all sites. Thus water quality data was not 
available for all sites. As the DISTLM model does not allow for missing values, the samples were 
analysed in two phases:   
1. All sediment samples where temporal, spatial and physical environmental factors were examined in 
relation to microbial community structure (Figure 6.2A); and 
2. Saturated sediments only, where water quality data was available (Figure 6.2B). 
When all sediment samples were considered, the environmental factors measured accounted for 
22.6% of the variation in microbial community distribution. In saturated sediments, where water 
quality factors were measured, the environmental factors explained 28.5% of the variation in 
microbial community patterns (Figure 6.2). The large amount of unexplained variation was likely 
due to factors not measured in this study along with the high variability in environmental 
conditions, compounded by the large number of OTUs in microbial communities. The 
environmental factors examined in this study were considered some of the critical factors. Abiotic 
factors which could be further investigated could include further seasonal patterns, hydrology, 
composition of organic matter, ionic composition of water and trace metals (in particular Fe as these 
are known to also influence ecosystem processes and microbial communities). 
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A 
  
B 
  
Key: 
 
Temporal Factor 
 
Physical Factors 
 
Spatial Factors 
 
Chemical Factors: Sediment Carbon and Nitrogen 
   
Chemical factors: (water quality) 
 
Figure 6.2: Variation Partitioning from Distance Based Linear Model (DISTLM)  
on A) all sediment samples (DISTLM. AIC Best Model = 1391.8: 11 variables explain 22.6% of the variation), and B) saturated 
sediment samples for which water was available (DISTLM. AIC Best Model = 1025.2: 16 variables explain 28.5% of the variation). 
In the DISTLM, variation partitioning is based on the model AIC using a Marginal Test.  * indicate statistical significance for Best 
model, P < 0.0001. Statistical outputs of the DISTLM have been provided in Appendix E-5 and E-6.  
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6.3.1 Key Factors Influencing Microbial Communities 
The important explanatory variables common in both models were date (samples in dry and wet 
season), tributary (5 tributaries), sediment depth (2 sediment depths), stream detritus levels (% leaf 
and organic matter deposited on stream surface) and sediment total carbon (% C). In saturated 
sediments, pH and NH4 were significant predictors of microbial distribution. Though, salinity (EC) 
was also found to be an important factor, contributing to 2.2% of the explained variation (Distance 
based Linear Model. AIC Marginal Test, p = 0.0001), it was not one of the major factors 
contributing to microbial community structure in the model. 
The main physical factors which explained the microbial variation were hydrology (particularly in 
relation to temporal/seasonal flow), detritus levels and substrate type. These three important factors 
driving microbial community distribution also correspond to the characteristics found to be 
important in defining Habitat types in Chapter 3.  
The factor ‘Date’ included a wet and dry season and was one of the main variables driving 
microbial community composition. The two dates coincide with variation in stream flow with the 
dry and wet season. Differences between the dry and wet season were expected as desiccation can 
be a stressor on microbial communities, where drying of stream sediments has been reported to 
affect ecosystem processes and change microbial community structure (West et al. 1992, Fierer et 
al. 2003, Rees et al. 2006, Boulding et al. 2008, Marxsen et al. 2009). The differences in community 
composition and consequences of changing hydrology in these sediments are further discussed in 
Section 6.4.1.  
Detritus levels, characterised by levels of leaf litter scattered within the stream beds provide 
different habitats for biota and therefore may result in important food web interactions between 
biota and microbial communities (Naeem et al. 2000). Further, organic matter has been reported to 
be closely linked with carbon and nitrogen release, as well as oxygen gradients in stream systems 
(Baldwin 1999, O'Connell et al. 2000, Fischer et al. 2002). The streams in the Upper Isaac 
Catchment are predominantly sandy and low in organic matter. The deposition and burial of organic 
matter can result in layers of organic matter and sand within the stream beds and therefore are likely 
to affect abiotic and biotic conditions with sediment depth. Microbial community composition with 
depth is further discussed in Section 6.5. 
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From the water quality variables measured, pH was the major factor associated with microbial 
community distribution. pH was variable within the tributaries ranging between pH 6.4 and 9.5. A 
strong link between pH and aquatic microbial communities has been observed in a number of other 
studies in different environments and at widespread biogeographic scales (Yannarell and Triplett 
2005, Fierer and Jackson 2006, Fierer et al. 2007, Hartman et al. 2008, Lauber et al. 2009, Griffiths 
et al. 2011).  
Along with pH, the two other factors which best explain the microbial distribution in these 
sediments were NH4 and total carbon. The Upper Isaac streams generally displayed low carbon 
and nutrient conditions (Chapter 3, Table 3.3). Carbon content varied between <0.01 and 13% in the 
Upper Isaac sediments. Carbon is known to be an important factor in driving microbial 
communities and nutrient cycling and can be closely linked with detritus levels (Bossio and Scow 
1995, Eiler et al. 2003, Wilson et al. 2011, Andrew et al. 2012, Li et al. 2012). As carbon is one of 
the major drivers in microbial communities in these sediments, it would be useful to further 
examine if there is niche partitioning with different types of carbon sources/substrates, particularly 
in the context of these ephemeral streams and the presence of the open cut coal mines in the region. 
This would allow us to discriminate between different carbon sources and how they relate to 
different microbial communities (Ehleringer et al. 2000, Schutter and Dick 2001). 
Concentrations of NH4 ranged between <0.03 – 1ppm. The availability of nutrients has been 
reported to select for different microbial groups, where NH4 concentrations have been found to 
result in different abundances in ammonia oxidising Bacteria and Archaea (Herrmann et al. 2011). 
Therefore NH4 may be an important factor determining microbial composition in these sediments, 
where types of ammonia oxidisers are further discussed in later sections.  
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6.4 Microbial Community Distribution 
Habitat types were determined from site characteristics defined in Chapter 3 and relate to the 
environmental factors discussed above. The habitat characterisation was used to test the hypothesis 
that microbial communities differed between habitat types. The initial factor which defined habitats 
was flow type; without and with surface water. Habitats (1 – 7) fall within the two flow types, where 
Habitats 1 and 2 were habitats with dry river beds and Habitats 3 - 7 had surface water present.  
Within flow type, habitats were divided into characteristics based on detritus (low and higher 
levels). Some of the habitats were further split into sub-categories defined by stream sediments 
which consisted of sand or contained layers of organic matter and/or coal within the river bed.  The 
habitats characterised in Chapter 3 are summarised below in Table 6.2. 
Table 6.2: Summary table of different habitat types and their key characteristics based on the absence/presence of surface water, 
surface detritus levels (as leaf litter) and substrate type from Chapter 3. 
The key indicates the colour by which the habitat types are plotted in subsequent graphs. 
Flow type Habitat Characteristics Sub-Categories    
Level 1 Level 2  Level 3  
No surface 
water 
(dry river 
beds) 
Habitat 1 Low detritus levels (<10%)  Substrate sand  
Habitat 2 Higher detritus levels (>10%) 
a Substrate sand  
b Substrate sand and detritus layers  
c Substrate sand and coal layers  
Presence of 
surface water  
Habitat 3 Low detritus levels (<10%)    
Habitat 4 Higher detritus levels (>10%) 
a Substrate sand  
b 
Substrate bed rock, boulders and 
sand 
 
Habitat 5 
Groundwater seep and 
biofilm 
  
 
Habitat 6 
Mine water storage dam, 
detritus (>5%) 
  
 
Habitat 7 
Altered channel on mine site, 
low detritus (<5%) 
  
 
6.4.1 Season and Presence/Absence of Surface Water 
Stream flow (based on the presence or absence of surface water) in relation to season was an 
important component in determining microbial community structure (as determined in the DISTLM 
model in Section 6.3). The main differences in microbial community composition between the dry 
and wet season are indicated in Figure 6.3, where sediments collected from dry river beds and 
sediments which had surface water had significantly different microbial community structure 
(ANOSIM, r = 0.3, P < 0.001). Further, saturated sediments in the dry season were more similar to 
microbial communities compared with the wet season.  
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  Dry Season: no surface 
water 
  Dry Season: Sites with 
surface water 
  Wet Season: all sites 
had surface water 
 
Figure 6.3: MDS plot using Bray Curtis Similarity of microbial community composition in sediments. 
Symbols are colour coded by season; dry season collected in October 2010 and wet season collected in January 2011. Empty circles 
show samples collected in the dry season which had surface water present as a result of remnant pools. 
Base on similarity percent analysis (SIMPER) between sites with surface water and those with dry 
river beds, the main taxonomic groups which contributed to the observed differences are described 
below (Appendix E-13). From sediments collected during the dry season, the microbial 
communities showed higher abundances of spore forming bacteria such as Bacillales (Bacilli), and 
Myxococcales (Deltaproteobacteria), known to produce myxospores under stressed conditions such 
as low nutrients and low moisture (Nold and Zwart 1998, Paredes-Sabja et al. 2011). Further, the 
phylum Actinobacteria were higher in abundance in the dry habitats, and have also been reported to 
contain phyla which produce external spores, though it is a metabolically diverse group (Gao and 
Gupta 2012).  
Stream reaches where surface water was present displayed increased abundances of eukaryote biota, 
in particular Gastrotricha and Ciliophora. River flow has previously been shown to affect macro 
and microbiota assemblages (Larned et al. 2007, Datry and Larned 2008). In addition, higher 
abundances of potential photosynthetic organisms containing Chloroplast-derived 16S rRNA genes, 
Cyanobacteria and green algae such as Chlorophyta were observed in streams with surface water.  
A pattern in the Proteobacteria between dry sediments and sediments in streams with surface water 
was also observed, where higher abundances of Deltaproteobacteria occurred in dry stream reaches 
and the Alphaproteobacteria and Betaproteobacteria were higher in abundance in streams with 
surface water. These include microbial groups with potential phototrophic, nitrogen fixing and 
aerobic chemoorganotrophic capabilities within the Alphaproteobacteria (mainly 
 89 
 
Sphingomonadales and Rhodobacterales) and Betaproteobacteria (mainly Burkholderiales and 
uncultured clade Sc-i-84) (Kersters et al. 2006). Planctomycetales were also higher in abundance in 
streams with surface water. These are free living microbes known to alternate between sessile cells 
and flagellated swarmer cells (Fuerst 1995), and have been identified in many different aquatic 
habitats (Schlesner 1994, Wang et al. 2002, Buckley et al. 2006).  
When the ammonia oxidisers were examined, Nitrospira occurred in relative higher abundance in 
the dry river beds compared with streams with surface water. In contrast, the Archaea Candidatus 
“Nitrososphaera” was observed when surface water was present. This shows differences in the 
types of ammonia oxidising microbes present, based on steam flow/saturation conditions.  
6.4.2 Microbial Habitats 
Figure 6.4 shows the microbial communities clustered by habitat type (CAP. Pilia’s Trace = 6.59, 
and 4.45 p = 0.0001 for both data sets; all samples and samples with water data). Microbial 
communities differed by habitat types based on the presence/absence of surface water and detritus 
levels, but not between the sub-categories within the habitats. These separate clusters in microbial 
community composition represent groups which are statistically different using both non-parametric 
Analysis of Similarity (ANOSIM, Global r = 0.41, P = 0.001) and Permutational Multivariate 
Analyses of Variance (PERMANOVA. Pseudo-F = 2.47 p = 0.0001) (pair wise comparisons 
between habitats are presented in Appendix E-7). However, microbial diversity is relatively even 
across habitat types with the exception of mine water storage dams (Habitat 6), where diversity was 
significantly lower than the other habitats (ANOVA.  F (6,161) = 7.49, MSE = 0.03, p <0.001) 
(Figure 6.5B). 
In sediments with surface water (Figure 6.4B), pH, NO3 concentration and a high C:N ratio were 
correlated with microbial communities in mine habitats (Habitat 6 and 7) and NH4 concentrations 
were correlated with microbial communities in stream habitats with high detritus (Figure 6.4). 
When all sediment samples were considered (Figure 6.5A), high C:N ratios were associated with 
habitats without surface water. This is likely due to the lower microbial activity in the dry sediments 
compared with saturated sediments. 
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 Habitat 1 
 Habitat 2 
 Habitat 3 
 Habitat 4 
 
 Habitat 5 
 Habitat 6 
 Habitat 7 
 
 Habitat no sub-groups 
 Habitat subgroup a 
 Habitat subgroup b 
 Habitat subgroup c  
Figure 6.4: CAP analysis of microbial community composition in the Upper Isaac sediments.  
The analysis was constrained by Habitats with environmental variables as a vector overlay using spearman correlation. A) Shows all 
samples collected, corresponding to the DISTLM model in Figure 6.2A. The vector overlay includes sediment total carbon, nitrogen 
and C:N ratio. The plot includes the canonical axis 1 and 3 as it shows the highest correlation of sediment carbon and nitrogen with 
the CAP axis. The plot with canonical axis 1 and 2 are presented in Appendix E-8. B) Includes all saturated sediment samples for 
which water quality data was available and corresponds with the DISLM model in Figure 6.2B. The vector overlay includes the water 
quality parameters measured. The diagnostics for the CAP have been provided in Appendix E-9 and E-10.  
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A 
 Key 
Phylum Class 
 Proteobacteria Alphaproteobacteria   
Proteobacteria Betaproteobacteria   
Proteobacteria Deltaproteobacteria   
Proteobacteria Gammaproteobacteria   
Acidobacteria Acidobacteria   
Actinobacteria Actinobacteria   
Actinobacteria Thermoleophilia   
Bacteroidetes Sphingobacteriia   
Chloroflexi Anaerolineae   
Chloroplast Chl containing organism   
Cyanobacteria Subsection i-v   
Firmicutes Bacilli   
 
Phylum Class 
 Firmicutes Clostridia   
Nitrospirae Nitrospira   
Planctomycetes Planctomycetacia    
Verrucomicrobia Verrucomicrobiae   
Crenarchaeota Soil group(scg)   
Alveolata Ciliophora   
Metazoa Gastrotricha   
Metazoa Nematoda   
Metazoa Platyhelminthes   
Stramenopiles Bacillariophyta   
Viridiplantae  Chlorophyta   
Viridiplantae  Streptophyta   
 
B 
 
Figure 6.5: A) Bar graph showing relative abundance of the major microbial groups at a taxonomic class level.  B) Displays the 
Shannon diversity index by habitats.  
Richness, using OTU number is provided in Appendix E-11. 
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Figure 6.6: Dendogram based on microbial community clusters (Figure 6.4) and using habitat characteristics (Chapter 3).  
The dendogram indicates differences in the abundance of taxa between habitat types. If the taxonomic Class/Order is listed it indicates higher abundance of that taxa in the habitat, compared with the 
corresponding habitat (indicated by the linked dendogram line)  Pair-wise SIMPER comparisons at a taxonomic Class and Order level were undertaken, using a hierarchical nested design (e.g. habitat 1 
and two clustered within no-surface water). Not all taxonomic groups are listed and only those taxa which contribute to differences between groups using SIMPER are presented. All occurring 
taxonomic classes present in each habitat are presented in Figure 6.5. Outputs from SIMPER test for differences in microbial taxa between groups have been provided in Appendix E13-18.  
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Figure 6.5 displays the relative abundance of taxonomic groups for each habitat type based on a 
phylum and class level. The taxonomic groups responsible for the differences between the habitats 
and cluster groups were determined using SIMPER analysis and are presented in Figure 6.6. Pair-
wise comparisons were undertaken at a Class and Order level using the nested design for habitat 
types (e.g. high and low organic habitats nested within sites with and without surface water). As a 
result Figure 6.6 does not include all taxonomic groups presented in Figure 6.5. Instead it provides 
an indication of the taxonomic groups which are the main contributors to the differences between 
habitats (SIMPER analysis provided in Appendices E-13 to E-18).   
Habitats without surface water (Habitats 1-2) 
When habitats without surface water were considered, microbial communities differed between 
habitat types with low and high detritus levels (ANOSIM, r = 0.5, P < 0.001). However, no 
significant difference between sub-categories within the habitats occurred (ANOSIM, r = 0.08, P = 
0.011) (Figure 6.4B and Appendix E-8). 
The low detritus habitats (Habitat 1) had higher abundances of microbial groups such as 
Alphaproteobacteria, in particular the order Rhizobiales known to include nitrogen fixers and 
species associated with plant roots/leaves (Figure 6.6). This trend is further supported when the 
Rhizobiales are examined at a family resolution, where relative increased abundances of 
Hyphomicobiaceae, Xanthobacterceae and Rhizobiaceae were found. These include potential 
nitrogen fixing plant symbionts and phototrophs (Kersters et al. 2006). The low detritus habitats 
generally occurred within large streams/rivers, with less vegetation overhanging the stream beds. In 
comparison the higher detritus habitats (Habitat 2) were generally smaller streams and often had 
roots from bank vegetation growing within the stream bed. The higher abundance in Rhizobiales in 
Habitat 1 compared with Habitat 2 was unexpected, though may be explained by small plants and 
seedlings growing within the reaches in Habitat 1 during the dry season. This particularly occurred 
when there was no surface flow for extended periods, allowing the seedling to grow (photo in 
Figure 6.1 and Chapter 3, Table 3.2).  
Higher abundances of groups including Nitrosomonadales (Betaproteobacteria) along with 
Planctomycetacia were observed in the low detritus habitats (Figure 6.6). Nitrosomonadales contain 
genera with nitrifying capabilities which add to the nitrification potential in these sediments with 
the higher relative abundance of Nitrospira in the dry river beds. Planctomycetes, include a diverse 
metabolic group including aerobes, facultative chemoorganotrophs as well as anammox capabilities 
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(Fuerst 1995, Strous et al. 1999, Strous et al. 2006).The co-occurrence and increased abundance of 
both nitrifiers and potential anammox may indicate an important relationship in the removal of 
nitrogen from low carbon habitats, where the interactions between these two metabolic groups have 
been reported in pilot waste water treatments plants for nitrogen removal when concentrations of 
carbon are low (Fux et al. 2002, Gut et al. 2006).Habitats with surface water (Habitats 3-7) 
In sediments with surface water, microbial community structure differed between habitats as can be 
seen in Figure 6.4 (ANOSIM, r = 0.41, P < 0.001). As was found within river beds where no 
surface water was present, microbial communities clustered by habitats with low and high detritus 
levels (Habitat 3 and 4), and further by habitats located on the mine sites, including mine water 
storage dams (Habitat 6) and mine site diversions (Habitat 7). However, the biofilm habitat with the 
groundwater seep (Habitat 5), did not differ significantly from the other habitats (ANOSIM, r = 
0.12, P = 0.062). Only two samples from Habitat 5 were collected and therefore further samples 
from similar habitats are required to characterise these differences in microbial community 
structure.  
Differences in communities between low (Habitat 3) and high (Habitat 4) detritus habitats were 
predominantly characterised by higher abundances of eukaryotic biota.  In particular ciliates such as 
Intramacronucleata (Ciliophora), Gastrotricha and flatworms in including Turbellari 
(Platyhelminthes) were observed in Habitat 4. Increased abundances of such eukaryotes with leaf 
litter is expected and indicates important relationships in the food-chains as they feed on smaller 
organisms such as bacteria and algae, while also providing nutrients for the heterotrophs. The 
higher detritus habitat (Habitat 4) also showed increased abundances of phototrophic 
microorganisms compared with the low detritus habitat (Habitat 3), in particular the green algae 
Chlorophyceae (Guiry and Guiry 2007) and Sphingomonadales (Alphaproteobacteria) also known 
to contain phototrophic members (Garrity et al. 2005). 
When surface water was present, the low detritus habitats displayed higher abundances of 
Planctomycetales and Rhizobiales compared with the high detritus habitats. Thus the microbial 
groups in low detritus habitats display a versatile range of metabolic capabilities, including aerobes, 
nitrogen fixers and a potential for anammox capabilities. In contrast, the higher detritus habitats had 
higher abundances of Actinobacteria, in particular Kineosporiales. Actinobacteria exhibit enormous 
metabolic diversity and little has been reported on the metabolic capability of Kineosporiales (Gao 
and Gupta 2012, Goodfellow et al. 2012), though Actinobacteria have been reported to correlate 
with carbon substrates, in particular with higher carbon in lakes (Jones et al. 2009).  
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The two sites which had groundwater seeps did not differ significantly from the other habitats; the 
surface sediments were visibly different to all other habitats and appeared to form oxyhydroxide 
precipitates (photo in Chapter 3, Table 3.2), although this has not been confirmed. Because of the 
visible biofilm in Habitat 5, the phototrophic and eukaryotic organisms and members of phylum 
Proteobacteria were compared between Habitat 5 and that of Habitat 3 and 4 (stream habitats with 
surface water flow). Habitat 5 showed higher abundances of phototrophs in particular 
Cyanobacteria groups and Chloroplast containing phyla along with Nematodes. Within the 
Proteobacteria, higher abundances of the Deltaproteobacteria occurred (in particular 
Desulfobacteriales and Desulfuromonadales), where various members are capable of anaerobic 
respiration utilizing a variety of compounds as electron acceptors, including iron, nitrate, and 
sulphate and are often associated with microbial mats (Amann et al. 1992, Barton 1995, Davey and 
O'Toole 2000). However, further seep habitats (Habitat 5) will require sampling along with 
additional water quality parameters such as iron to characterise these habitats.  
Habitats on mine sites (Habitats 6-7) 
Habitats 6 and 7 were located on the mine sites. Habitat 6 was classified as mine water storage 
dams, with conditions resembling small lakes. Habitat 7 was classified as discharge channels 
directing water from dams to downstream locations.  
Stream habitats vs. mine habitats 
The differences between stream and mine site habitats (ANOSIM, P < 0.002) were predominantly 
driven by relative higher abundances of Thermoleophilia and Acidobacteria in stream habitats 
compared with the habitats on mine sites. Acidobacteria are abundant phyla in soil and sediments, 
though surprisingly little is known about their ecological characteristics. However, pH has been 
reported to regulate the abundance of Acidobacteria (associated with lower pH conditions) and they 
are often considered to be oligotrophic heterotrophs (Ludwig et al. 2010, Eichorst et al. 2011). The 
increased Acidobacteria abundance in stream sediments compared with the mine habitats relates 
back to two of the main environmental drivers; pH and sediment C:N ratios which negatively 
correlated with microbial communities in stream habitats (Figure 6.4B).  
The discharge channels (Habitat 7) differ from stream habitats in that the channels have higher 
relative abundances of the Archaea Candidatus “Nitrososphaera” as potential nitrifiers as well as 
possible pathogenic bacteria such as Verrucomicobiae and Burkholderiales (Betaproteobacteria), 
where families include Burkholderiaceae, Comamonadaceae and Oxalobacteraceae. In groups with 
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potential phototrophic capabilities, the discharge channels had higher abundances of diatoms such 
as Bacillariophyta compared with other stream habitats. This may relate to different nutrient 
conditions within these habitats, where higher NO3 concentrations were found to be associated with 
the discharge channels (Figure 6.4B). 
Mine water storage dam (Habitat 6) vs. discharge channel (Habitat 7) 
Microbial communities in the mine water storage dams (Habitat 6) and discharge channels (Habitat 
7) clustered separately from each other, though at a lower confidence level than other habitats 
(ANOSIM, r = 0.56, P < 0.03, PERMANOVA, pseudo-F = 1.26, p = 0.01). This is likely due to the 
low sample number for storage water dams, but also due to differences in the variability in 
microbial communities (unconstrained MDS in Appendix E-8). It is also worth noting that the 
variation in diversity in the mine dams was higher than all other habitats (Figure 6.5B). Similarly, 
storage dams (Habitat 6) displayed a higher variability in community composition compared with 
the other habitats (PERMDISP, Pseudo-F – 8.29, p = 0.0001. IMD: 1.91 for Habitat 6, IMD: <1.0 
for other habitats). Therefore the differences observed in microbial community composition 
between the mine habitats are likely due to differences in microbial community variability within 
the habitats, rather than only differences in species composition. 
Though microbial communities were variable within mine habitats, some differences in microbial 
composition between Habitat 6 and 7 are evident. The dam habitats (Habitat 6) had higher 
abundances of Alphaproteobacteria and Deltaproteobacteria compared with increased abundances 
of Betaproteobacteria in the discharge channels (Habitat 7). Alphaproteobacteria are known to 
contain many phototrophic and nitrogen fixing genera and the predominant change within the 
Deltaproteobacteria was in the class Desulfomonadales, which are known for their anaerobic 
respiration. The higher abundance of potential anaerobic bacteria in dams is expected, where deeper 
water bodies are likely to promote anaerobic sediment conditions. In contrast the relative increased 
abundance of Betaproteobacteria in the discharge channels indicates aerobic metabolism is more 
active in which Burkholderiales and Nitrosomonadales were the two predominant groups.  
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6.5 Microbial Communities and Sediment Depth 
In ephemeral streams, the hyporheic zone has been reported to play an important role in nutrient 
cycling (Boulton et al. 1998, Krause et al. 2011). Sediment depth was also found to be a major 
factor accounting for microbial distribution (Section 6.3).  
In the dry season, most surface sediments were desiccated and initial samples collected did not yield 
sufficient DNA and amplified product for sequence analysis. Hence, the results from dry habitats 
are from deeper sediments ranging between 40 and 100 cm depth. The deeper sediments were moist 
and/or saturated where the water table was reached and therefore more likely to be microbially 
active than the desiccated surface sediments. Microbial mortality due to desiccation and radiation 
damage has previously been found in other environments (Castenholz and Garcia-Pichel 2012) and 
drying of sediments has been reported to have an effect on nutrient cycling and change community 
structure (Baldwin and Mitchell 2000, Rees et al. 2006, Boulding et al. 2008). 
From the sediments collected in dry river beds, there was no significant difference in microbial 
community structure with depths (ANOSIM, r = 0.11, P = 0.3, PERMANOVA. Pseudo- F = 1.14, p 
= 0.1057) (Figure 6.7A). In addition to higher abundances of spore forming bacteria in dry river 
reaches, the habitats with dry river beds had an increased abundance in anaerobic bacteria including 
sulphate reducing (Deltaproteobacteria: Desulfuromonadales, Desulfobacterales, Desulfurellales, 
Syntrophobacterales) and methane producing (Methanomicrobia: Methanosarcinales) capabilities, 
compared with the stream habitats with surface water.  
In contrast, a pattern in microbial communities with sediment depth in habitats with surface water 
was observed (Figure 6.7B), with significantly different communities between surface (top 5cm) 
and deep (30cm) sediments (ANOSIM, r = 0.12, P = 0.01, PERMANOVA. Pseudo-F = 5.99, p = 
0.0001). No changes in diversity with depth were observed (Appendix E-12). As differences in 
microbial community composition were found in sediment with surface water only, it indicates that 
the hydrology is a critical component in driving microbial communities in these streams. The 
hydrology, associated with delivery of nutrients, carbon and oxygen both at the surface and 
hyporheic zone therefore requires further investigation linking microbial community distribution 
with the variable flow conditions. 
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Figure 6.7: MDS plot using Bray Curtis similarity of A) Samples from the dry season and B) Samples from the Wet season.  
The symbols are plotted by depth: October dry river bed sampling: surface 0-5 cm which were sites with saturated surface sediments 
(light blue), mid 30-45 cm (dark blue squares), deep 60-100cm (dark blue triangles). January surface flow river bed sampling: surface 
1-5cm (light blue), deep 30cm (dark blue).  
The main taxonomic groups which change with depth in sediments during the wet season are 
presented in Figure 6.8. The differences in microbial abundance determined by SIMPER analysis 
were higher relative abundances of eukaryotic organisms and phototrophic groups in surface 
sediments compared with deeper sediments. The eukaryotes include unidentified environmental 
samples, Fungi, Ciliophora (predominantly Intramacronucleata Spirotrichea) and Metazoans such 
as Gastrotricha and Platyhelminthes (predominantly Turbellaria Catenulida). The higher 
abundances of photosynthesising organisms included diatoms such as Bacillariophyta, green algae 
Chlorophyta and Cyanobacteria. In addition surface sediments had higher abundances of 
Alphaproteobacteria which include many heterotrophic and phototrophic genera, including 
Rhodobacterales and Sphingomonadales (Sphingomonadaceae, Erythrobacteraceae). Therefore 
there is a clear distinction between phototrophic organisms in the surface sediments, compared with 
deeper sediments. This is likely due to availability of light, selecting for phototrophic organisms in 
surface sediment. This has been shown play an important role in biofilm formation, uptake of 
carbon and nitrogen and food-web interactions (Hall and Meyer 1998, Naeem et al. 2000, Risse-
Buhl et al. 2012). 
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Phylum Class 
 Proteobacteria Alphaproteobacteria 
 Proteobacteria Betaproteobacteria 
 Proteobacteria Deltaproteobacteria 
 Proteobacteria Gammaproteobacteria 
 Acidobacteria Acidobacteria 
 Chloroflexi Anaerolineae 
 Gemmatimonadetes Gemmatimonadetes 
 Planctomycetes Planctomycetacia  
 Planctomycetes Phycisphaerae 
 Actinobacteria Thermoleophilia 
 Verrucomicrobia Verrucomicrobiae 
 
 
Phylum Class 
 Nitrospirae Nitrospira 
 Crenarchaeota Soil group(scg) 
 Chloroplast Chl containing organisms 
 Cyanobacteria Subsection i-v 
 Alveolata Ciliophora 
 Metazoa Gastrotricha 
 Metazoa Platyhelminthes 
 Stramenopiles Bacillariophyta 
 Viridiplantae  Chlorophyta 
 Fungi Dikarya & Environmental samples 
 Eukaryote Environmental samples 
 
 
Figure 6.8: Bar graph showing the relative abundance of the major taxonomic classes in surface and deep sediments 
from habitats which had surface water present (samples from Figure 6.7B). Classes presented are the dominant classes which change 
between groups determined using SIMPER analysis (SIMPER statistics presented in Appendix E-19). 
Deeper sediment on the other hand showed higher abundances of Betaproteobacteria and 
Deltaproteobacteria along with Acidobacteria and Gemmatimonadetes. The Acidobacteria 
(particularly uncultured Da023 and Acidobacteriales) and Gemmatimonadetes 
(Gemmatimonadales) are poorly understood, though have been reported to have versatile 
heterotrophic metabolism and are recognises as mostly being aerobic, though some members 
include facultative anaerobes.. Changes in relative abundance of Acidobacteria with depth have 
been reported in soil profile studies. They have been suggested to increase in abundance with depth 
in relation to lower available carbon (Fierer et al. 2003, Hansel et al. 2008, Will et al. 2010). 
Deeper sediments also showed increased abundances of Nitrospira (Nitrospirales), 
Betaproteobacteria (Nitrosomonadales, Rhodocyclales and uncultured Sc-i-84 and Tra3-20) as well 
as the Archaea Candidatus “Nitrososphaera” (Crenarchaeota Soil group (scg) - 
Thaumoarchaeota). These groups have been reported to contain nitrifiers, and therefore this implies 
a high potential for nitrification in deeper sediments which corresponds to the higher concentration 
of NH4 observed in the hyporheos within the streams (Figure 6.9). Planctomycetes 
(Planctomycetales and Phycisphaerae) also co-occurred at higher abundances in the deeper 
sediments, indicating a possible link with anammox capabilities as previously discussed.  
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 Oct: Hyporheic Water 
 
Figure 6.9: PCA plot derived from water quality parameters including pH, Electric Conductivity (EC) as salinity, NH4, NO3, NO2 and 
sediment total carbon (C) and nitrogen (N).  
Only samples sites at which water was available are included, and mine storage dams are excluded as it skewed the data due to their 
high EC (PCA plot with mine dams in Chapter 3).  
Further, higher abundances of Deltaproteobacteria (Desulfuromonadales, Desulfurellales) occurred 
in deeper sediments. These taxa are composed of sulphate-reducers and some which can reduce 
ferric iron (Fe
3+
). Desulfurellales are also known to include thermophiles (Kersters et al. 2006). 
Variability in surface and hyporheic flow, as well as the deposition of detritus in stream beds is 
likely to result in varying sediment conditions resulting in hotspots for both aerobic and anaerobic 
communities. For example, some of the high detritus habitats (Habitats 2 and 4) had layers of 
organic matter and coal within the sandy stream bed (Chapter 3, Table 3.2). These changing 
conditions in substrate type are likely to contain very different carbon, nutrient and redox 
conditions. The magnitude and variation of these parameters with sediment depth will depend on 
flow but also the habitat type.  
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6.6 Discussion 
The aim of this chapter was to examine the environmental factors that drive microbial community 
composition and characterise their distribution in the Upper Isaac Catchment. The variation in 
environmental conditions spatially and temporally, and microbial communities with high diversity 
and metabolic plasticity result in complex interactions and highly variable ecosystems. Despite this 
variability, key patterns in relation to measured environmental factors were observed. 
Microbial community composition in stream sediments and their ecological functions are strongly 
influenced by the physical and chemical conditions experienced (e.g. Fierer and Jackson (2006)). 
Microbial communities within habitats were more similar than between habitats, resulting in seven 
microbial cluster groups which differed in community composition. These groups could be 
differentiated based on the presence of surface water, detritus levels and whether located on mine 
sites.  
These findings suggest that in the Upper Isaac Catchment, microbial community composition can 
be predicted by habitat characteristics. However, these habitats change in space and time, where 
variable flow conditions and sediment movement within streams can occur with seasons, 
particularly during flood events. An example was provided in Chapter 3, at Middle Creek (photos in 
Figure 3.5), where an organic rich site (characterised as Habitat 4) was altered into a low detritus 
sandy site (Habitat 1) through the deposition of large amounts of sand following a flood event. 
Surface Water 
The presence or absence of surface water was a major factor in determining microbial community 
composition. Differences between habitats, with and without surface flow, indicates a temporal 
dynamic with higher abundances of spore forming microbes in the dry season compared with 
inundated sediments. The increased abundances of spore forming bacteria in the dry season indicate 
possible microbial adaptation to ephemeral conditions. These differences in community structure 
with stream flow are supported by other studies where stream inundation has been shown to result 
in increased microbial activity (Baldwin and Mitchell 2000, McClain et al. 2003, Larned et al. 2007, 
Austin and Strauss 2011). 
In contrast to dry stream sediments, higher abundances of Eukaryota, in particular groups 
containing phototrophs and motile microorganisms were observed in streams with surface water. 
This is likely due to changes in sediment inundation and interactions between the hydrology and 
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abiotic factors, where surface and hyporheic flow can determine the delivery of oxygen, nutrients, 
carbon and detritus (Boulton et al. 1998, Lohse et al. 2009). Higher abundances of eukaryotes and 
phototrophs associated with biofilms are also likely to play an important role in the nutrient 
dynamics.  For example, during the wet season, the formation of biofilms, primary producers and 
nitrogen fixers along with micro/macro-biota are likely to result in the uptake of nitrogen and 
carbon as biomass (Bothe et al. 2007). In the dry season, these biofilms may act as a possible source 
for nutrients and carbon as a result of microbial mortality from drying induced cell lysis. In carbon 
limited systems, biofilms and their associated food webs can be an important source of carbon and 
contribute to the cycling of nutrients (Meyer 1994, Strauss and Dodds 1997, Hall and Meyer 1998, 
Risse-Buhl et al. 2012). 
In this study, microbial communities differed between two consecutive seasons (dry and wet), 
though only one dry and wet season was sampled. To examine seasonal patterns, further 
investigation into microbial community composition over multiple and longer temporal scales are 
required. Differences in microbial communities with season may have implications for 
anthropogenic effects on aquatic ecosystems, where response to perturbations may be highest 
during the season with higher microbial growth rates, such as during stream flow conditions  (Feris 
et al. 2004). 
Detritus and Carbon 
Within the two flow types described, stream habitats were further defined by levels of leaf 
litter/detritus in stream reaches. The habitats with low and high detritus harboured different 
microbial communities. Microbial activity and abundance is well known to be correlated with 
organic matter (Fischer et al. 2002, Eiler et al. 2003), where leaf litter and organic matter can be an 
important source of nitrogen and carbon (Baldwin 1999, O'Connell et al. 2000, Hadwen et al. 2010, 
Krause et al. 2011, Wilson et al. 2011).  
The microbial groups in low detritus habitats display a versatile range of metabolic capabilities, 
with higher abundances of Rhizobiales known to include nitrogen fixers, and with the co-occurrence 
of nitrifiers (Nitrospirales and Nitrosomonadales) and Planctomycetales indicating a potential for 
anammox. However, there are also differences in microbial communities with detritus levels 
depending on the presence and absence of surface water. This is likely due to the release of carbon 
and nutrients from organic matter under different flow conditions (Wilson et al. 2011). Overall, leaf 
litter from surrounding vegetation appears to be an important allochthonous supply of carbon and 
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nitrogen in the Upper Isaac, driving microbial community composition in addition to biofilm and 
food web interactions discussed above.  
Sediment Depth 
Changes in microbial community composition with sediment depth are likely attributed to changing 
physical and chemical factors. Differences in microbial community structure were found in 
sediments with surface water only. Current characteristics in defining the habitats included the 
absence or presence of surface water only. However, hyporheic flows as well as surface water, are 
likely to be major contributors in forming microbial communities in stream sediments (Pusch 1996, 
Fischer et al. 2005, Tzoraki et al. 2007, Krause et al. 2011).  
The main patterns with sediment depth were differences in relative abundances of eukaryote and 
bacteria. The deeper sediments were dominated by bacteria whereas the surface sediments 
contained higher abundances of eukaryotes and potential phototrophic microorganisms. Therefore, 
in saturated sediments, the community response to depth appears to relate with the availability of 
light (Paerl and Pinckney 1996, Castenholz and Garcia-Pichel 2012). The proportional increased 
abundances of Fungi, protozoans and photosynthetic taxa in surface sediments also parallels results 
from other studies in soils and sediments (Strauss and Dodds 1997, Ekelund et al. 2001, Taylor et 
al. 2002, Fierer et al. 2003). This highlights the importance of phototrophic biofilms as primary 
producers and their role as an organic substrate for food web interactions and nutrient cycling 
during flow events (Roeselers et al. 2008, Risse-Buhl et al. 2012). 
The presence of both aerobic and anaerobic microbial groups in deeper sediments indicates altering 
conditions and possible microhabitats within the stream bed. For example, some habitats contained 
submerged layers of organic matter within the sandy stream beds (substrate type). In inundated 
sediments, sediments were collected from two standard depths at all sites. Therefore these layers 
were not targeted specifically and do not capture differences in microbial communities in relation to 
physical changes with depth. It is likely that organic deposits within the sediment beds harboured 
hotspots for microbial activity in a carbon limited system. Metzler and Smock (1990) reported that 
in the hyporheic zone, buried leaves were processed slower than on the sediment surface. They 
suggested that the stored detritus in the hyporheic zone have important effects on stream carbon 
spiralling, altering the rates at which nutrient processing may occur, especially in episodic streams. 
Therefore, the physical and chemical heterogeneity within the stream beds may amplify the 
complexity of microbial distribution in these ephemeral streams. To further tease out the 
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distribution of microbial communities with depth, selected habitat types sampled at the end of the 
wet season in May 2009 are further examined in Chapter 7. 
pH 
Another important abiotic factor which was significant in accounting for microbial distribution was 
pH. pH was variable both spatially and temporally in the Upper Isaac Catchment, though was found 
to be negatively correlated with microbial communities in stream habitats, and higher pH was 
associated with microbial communities in mine habitats (Figure 6.4). One taxonomic group 
particularly showed a link with changes in pH: Acidobacteria occurred in relative higher 
abundances in stream habitats (lower pH) compared with the mine site dam and discharge channels, 
which correlated with higher pH (Figure 6.5 and 6.6). Groups within the Acidobacteria have been 
reported to be strongly influenced by pH, as moderate acidophiles (Sait et al. 2006, Jones et al. 
2009, Ward et al. 2009) and also associated with oligotrophic conditions (Fierer et al. 2007, Ludwig 
et al. 2010). The link between pH and microbial communities has been extensively reported as a 
predictor for microbial community distribution (Yannarell and Triplett 2005, Fierer and Jackson 
2006, Fierer et al. 2007, Hartman et al. 2008, Lauber et al. 2009, Griffiths et al. 2011). Microbial 
communities can be directly influenced by pH through physiological constrains resulting in altered 
competitive outcomes, but can also be influenced through indirect interactions between pH and 
environmental factors such as ions and nutrients. Therefore, the changes in microbial abundances 
between stream and mine habitats are likely a combination of several factors as well as pH; for 
example the increased concentrations of NO3 and higher sediment C:N associated with microbial 
communities in dam habitats.  
Nutrients 
In the Upper Isaac Catchment, the availability of nutrients, in particular NH4 was another significant 
driver of microbial community composition. Hartman et al. (2008) proposes a weak relationship 
between nutrients and microbial community structure than other environmental factors and suggests 
it is likely due to high nutrient characteristics in wetlands. The influence of NH4 on microbial 
communities differs to findings in wetlands. The general low nutrient concentrations observed in 
the Upper Isaac Catchment are likely to result in higher competitive nature for NH4, particularly 
from microbial groups which utilise NH4 such as nitrifiers and taxa with anammox capabilities. 
Changes in abundances in nitrifier communities between Nitrospirales, Nitrosomonadales, and the 
Archaea, Candidatus “Nitrososphaera” were particularly evident. The difference in relative 
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abundance of these groups found in dry habitats versus saturated habitats, and further in relation to 
detritus levels indicate the groups favour different environmental conditions. For example, 
Nitrospira occurred in relative higher abundance in dry habitats, whereas Candidatus 
“Nitrososphaera” was only present in habitats with surface water and further increased in 
abundance in mine site discharge channels. Spatial differences in ammonia oxidising bacteria and 
archaea in relation to availability of NH4 and carbon have been found in other aquatic environments 
(e.g. O'Mullan and Ward (2005), Herrmann et al. (2011), Geets et al. (2006), Abell et al. (2009)). 
O'Mullan and Ward (2005) reported changing nitrifying populations spatially and temporally, 
though no differences in nitrification rates were observed and therefore suggested functional 
stability with the different nitrifying communities. It is possible that the different nitrifying 
communities between habitats, selected by different abiotic conditions, may provide similar 
functional redundancy, though remains to be investigated.  
The co-occurrence of ammonia oxidisers with Planctomycetes was also observed, particularly in the 
low detritus habitats and also in deeper sediments. This indicates a potential for anammox within 
these sediments. The interactions between these two metabolic groups have been reported in pilot 
waste water treatment plants, particularly when concentrations of carbon are low (Fux et al. 2002, 
Cema et al. 2006, Gut et al. 2006). The interactions between these two groups occurs from partial 
nitrification of NH4 to NO2 by ammonia oxidisers such as Nitrosomonadales and Nitrospira 
followed with the anammox reaction utilising NH4 and NO2 to produce N2 gas by Planctomycetes. 
This achieves autotrophic nitrogen removal in contrast to the mechanism of organotrophic 
denitrification (Strous et al. 2006, Kartal et al. 2007). The increased abundance of both 
Nitrosomonadales and Planctomycetacia in low organic matter sediments indicates anammox may 
be an important pathway of nitrogen cycling alongside nitrifying bacteria within these streams. The 
importance of nitrogen removal pathways other than nitrification and denitrification in aquatic 
systems has also been pointed out by Burgin and Hamilton (2007). 
Nitrification and anammox can also be spatially linked with denitrification in stream sediments 
(Seitzinger et al. 2006) . Groups known to contain denitrifying  members were found in these 
sediments, including Firmicutes (Bacillales), Alphaproteobacteria (Rhodobacterales), 
Gammaproteobacteria (Pseudomonadales), Betaproteobacteria (Burkholderiales) and the 
Actinobacteria (Zumft 1997, van Spanning et al. 2007, Ward et al. 2009). However, as discussed in 
Chapter 5, the taxonomic resolution using 16S rRNA pyrosequencing in this study is not sufficient 
to determine the abundance of denitrifiers.  For future work, examining these denitrifying groups 
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using functional genes may provide more comprehensive insights into denitrifier distribution within 
these streams. 
Overall, there appear to be several potential pathways in the cycling of nitrogen within the system, 
showing flexibility within these ephemeral streams, where depending on the environmental 
conditions and nutrients available, different processes may be favoured.  
Salinity and Coal Mining 
Salinity was variable spatially and temporally, ranged between 190 - 2016 µS/cm in streams and 
159 - 8540 µS/cm in mine habitats (Chapter 3, Table 3.3). Though salinity contributed to the overall 
distribution of microbial communities in the Upper Isaac Catchment, it was not one of the major 
factors. This is likely due to the high variability in salinity within streams and mine waters. Rather 
than salinity, differences in microbial communities between stream and mine habitats appear to be 
driven by higher pH and NO3 concentrations in the mine habitats.  
It was difficult to determine an effect of increased saline mine discharge on downstream 
environments directly, particular in such a variable ecosystem. There are two main reasons why 
direct effects could not be measured: 
1. Increased salinity with mine discharge was not detected during the sample period.  In 2010 - 
2011, despite discharge occurring in some of the streams, salinity was not found to be higher at 
downstream sites. This was likely due to regulated discharge limits from the environmental 
authorities as well as sample times, where sampling could not be undertaken during discharge 
due to flooding and high flow in streams. Further, discharge itself varies in salinity, water 
quality, quantity and does not occur with every wet season, adding to the complexity of 
measuring direct effects within an ecosystem. Therefore, an effect from saline mine discharge 
on microbial communities could not be examined directly; and 
 
2. As discussed in this chapter, microbial communities differed between defined habitat types. The 
distribution of the habitats in the Upper Isaac Catchment, spatially and temporally, is also 
variable as was shown in the habitat distribution map in Figure 3.7 (Chapter 3). Sample sites 
(based on stream monitoring stations) differed in habitat conditions upstream and downstream 
from the mines. Therefore directly comparing microbial communities upstream and downstream 
from mines may not be representative of changes as a result of mining, but rather due to 
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differences in habitat conditions. This may need to be considered in future design of monitoring 
regimes and sampling. 
Though salinity was not found to be a major contributor within the natural system, the risk of 
increased salinity in these sediments remains unknown. As discussed in Chapter 2, increased 
salinity has been reported to impact microbial communities and the processes they drive in 
freshwater systems. Salinity effects can be indirect by altering adsorption and solubility of nutrients 
such as NH4, P and Fe (Gardner et al. 1991, Seitzinger et al. 1991, Baldwin et al. 2006, Weston et 
al. 2006). This may result in changes in the availability of nutrients and thereby influence microbial 
community composition. Salinity can also have direct physiological effects and change metabolic 
rates in nutrient cycling, where salinity has been shown to inhibit aerobic processes such as 
nitrification (Rysgaard et al. 1999) and anaerobic processes such as denitrification and 
methanogenesis (Baldwin et al. 2006, Weston et al. 2006, Edmonds et al. 2009) in sediments. 
To quantify how increased salinity affects microbial processes in the Upper Isaac Catchment, 
Chapter 8 examines the influence of increased salinity on microbial driven nutrient processes. 
Laboratory incubation studies provided controlled conditions under which these impacts were 
investigated.  
6.7 Conclusions 
This chapter aimed to examine the environmental factors that drive microbial community 
composition and characterise their distribution in the Upper Isaac Catchment. Some key findings for 
this chapter were: 
 Microbial community composition in stream sediments and their ecological functions were strongly 
influenced by the physical and chemical conditions within the habitats. Microbial community 
composition corresponded with habitat characteristics in the Upper Isaac Catchment. The main 
environmental drivers were the presence and absence of surface water, detritus, depth and water 
quality parameters such as pH and ammonia; 
 Based on different characteristics between the habitat types, we can start to infer some of the main 
microbial functions occurring within these sediments:  
o The higher abundances of spore forming bacteria in the dry stream sediments indicate 
potential adaptation to the seasonal system. This has implications for microbial activity, 
likely to be higher in the wet season (process rates are further discussed in Chapter 8); 
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o Detritus/leaf litter was an important driver in microbial groups with different microbes 
occurring between habitats with low and high detritus levels, indicating this was an 
important supply of carbon within the streams; 
o Differences in microbial communities with depth were observed with the occurrence of 
surface water; mainly driven by differences between phototrophic microbes on the surface 
compared with deeper sediments (To further examine the distribution of microbial 
communities with depth, selected habitat types were further examined in Chapter 7); 
o Different nitrifying members between habitats were also observed and may have 
implications for the nitrifying potential within different habitats; and 
o Potential co-occurrence of nitrifiers and anammox in low carbon habitats was observed. 
However, these need to be further linked with microbial functions and process rate 
measurements in the future. 
 With microbial communities differing between habitat types, the findings provide a framework for 
selecting future sites to monitor changes in microbial communities and ecosystem condition.  
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Chapter 7: Microbial Community 
Composition within Habitats: examining 
sediment surface profiles 
 
7.1 Introduction 
Chapter 6 explored microbial community composition in relation to environmental characteristics, 
where microbial communities differed between habitats based on the presence/absence of surface 
water and levels of detritus. In habitats with surface water, microbial community structure differed 
with sampled depths; the top 10 cm and at 30 cm depth. The aim of this chapter is to further 
characterise microbial community structure within selected habitats, particularly in relation to 
sediment depth.  
Habitats were selected to represent the types of environments found within the Upper Isaac 
Catchment and were based on differences in organic matter and sediment moisture conditions. The 
habitat types selected were stream reaches with low organic matter (with and without surface 
water), and a high organic depositional habitat. As described in Chapter 3, layers of organic matter 
and sand were observed within the stream beds as a result of deposition and accumulation of 
detritus with seasons, thereby creating localised zones with high organic matter. Other habitats 
displayed thin brown and/or green algal biofilms on the surface of the stream sediments. Therefore, 
in each habitat, sediment depths were sampled based on visual changes. T-RFLP was used to 
examine differences in microbial community structure and selected samples were pyrosequenced to 
explore the composition of microbial taxonomic groups.  
7.2 Methods 
7.2.1 Sample Sites 
To examine microbial community composition with depth, three sites were sampled in May 2009 at 
the end of the wet season. Sample time and locations differed to that of previous chapters. The sites 
were Isaac Upper (Site 1), Isaac Crossing (Site 2) and Middle Creek (Site 15) (Map in Appendix A-
3 and A-4). Within these three sites (100 m stream reach), four habitat types were sampled based on 
the different environmental conditions (Photographs presented in Figure 7.1).  
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Habitats sampled at the Upper Isaac River had surface water pools (Isaac Upper S1 and S2) and a 
groundwater seep (Isaac Upper S2 seep) (Figure 7.1). For both habitats, the top ~0.5 cm of the 
sediment consisted of biofilm, overlying coarse grained sediment throughout the remainder of the 
core. The upper Isaac sites 1 and 2 correspond to Habitat 4 described in Chapter 3.  
The Isaac River S2 Seep, located at the edge of Isaac Upper S2, was a groundwater seep with 
precipitated iron oxy-hydroxides as well as a thick green biofilm on the sediments surface (Figure 
7.1,3b). This groundwater seeps corresponds to Habitat 5 in Chapter 3.  
The Isaac River Crossing was characterised by dry, sandy sediments with the saturated water table 
at ~40 cm depth. Sediments were low in organic matter and had a homogenous particle size 
distribution, corresponding to conditions in Habitat 1 in Chapter 3.  
Middle Creek was a remnant pool with high turbidity and high accumulation of terrestrial organic 
matter (leaves and plant matter). As seen in Figure 7.1 (4a), coarse sediments were observed 
throughout the core in Middle Creek, though the upper 10 cm of the core consisted of anoxic fine 
sediments evidenced by the black coloration (similar to Habitat 2b in Chapter 3, though containing 
saturated sediment). Unfortunately not all habitats described in Chapter 3 were present at the time 
of sampling; therefore sediments were only available for the habitats described above. 
7.2.2 Sample Collection 
Surface sediments (top ~10 cm) were collected using a modified 50 ml syringe: this involved 
cutting off the tip of the syringe to create a small coring device. If visible algal biofilms were 
present, the top 1 cm biofilm layer was sampled separately by scooping the layer with a 50 ml 
sample tube. Additionally, intact sediment cores were obtained from within the water using a PVC 
pipe (5 cm diameter) and sectioned into layers of 0-1 cm biofilm (if an algal biofilm layer was 
present), surface sediment (1-5 cm) and deep sediments (approximately 30 cm depth). For the 
Middle Creek site, the cores were sectioned into two subsamples; the top 0-10 cm (visible darker 
fine sediments) and deeper 30 cm (coarse sand). When no surface water was present, the river 
sediment was excavated until the saturated water table was reached. Sediments were collected from 
the saturated sediments, mid moist sediments and top dry sediments, and depths were recorded. All 
samples were collected in triplicate, spaced approximately 1 m apart within the habitat.  Sediment 
conditions measured at the sites are presented in Table 7.1. 
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7.2.3 Microbial Community Analysis 
The triplicate sediment samples were pooled for DNA extractions into composite samples. DNA 
extractions were carried out as described in Section 4.2.1.  Surface sediment samples at Isaac 
Crossing were collected, though insufficient quantities of DNA could be extracted from the dry 
sediments for PCR amplification. This was likely due to the low microbial biomass and microbial 
activity due to the dry ‘sun-baked’ state of the sediment.  
Extracted community DNA was subsequently analysed using T-RFLP to investigate the Bacteria 
and Archaea community structure (Methods used are described in Section 4.2.2).  Three habitats 
were selected for pyrosequencing to determine the major taxonomic groups present; these included 
Upper Isaac S1, Isaac Crossing and Middle Creek (Methods used are described in Section 4.2.3). 
Changes to the protocol for pyrosequencing included the use of the reverse primer for pyro-tag 
sequencing instead of the forward primer and the use of a 5 bp barcode instead of 8 bp barcode. 
Emulsion PCR and sequencing was carried out as previously described (Engel et al. 2003, 
Engelbrektson et al. 2010). Pyrosequencing data processing was carried out as described in Section 
4.2.3.3, though some conditions differed from the described procedure; where taxonomy was 
assigned using the Greengenes database for the Bacteria and Archaea domains (Ludwig et al. 1993) 
and the Silva database (Pruesse et al. 2007) for the Eukaryota domain. The Greengenes was 
selected due to its comprehensive assignment of prokaryotic taxonomies (Petrosino et al. 2009, 
McDonald et al. 2012). Using two different databases was possible as data analysis was carried 
individually on separate domains. Due to slight differences in the primers and sequence conditions 
and different databases used for assigning taxonomy, the data set from this chapter is not directly 
compared with the data set in Chapters 5 and 6. However, general trends were found to be similar 
across both data sets. Data analysis was carried out using the same statistical methods as described 
in Chapter 6. 
Environmental and physical parameters measured include salinity (electric conductivity, µS/cm), 
pH, temperature, sediment total carbon and nitrogen as described in the methods Section 4.3. 
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Figure 7.1: Photos of the five sites sampled are presented in columns 1-5. 
The Habitat type corresponding to habitats defined in Chapter 3 indicated above.  The top panel (a) shows the general setting of the site; the middle panel (b) shows the surface sediments and biofilms; 
and the bottom panel (c) shows the core structure with approximate core depths at which samples were collected.  
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Table 7.1: Environmental factors including salinity, pH and temperature measured within the different habitats samples. 
Site Location Salinity (µS/cm) pH Temp (°C) 
Upper  
Isaac S1 
Surface water 315 7.9 25 
Sediment 5 cm depth 318 8.5 25 
Upper  
Isaac S2 
Surface water 339 7.4 28 
Sediment 5 cm depth 356 7.3 29 
Upper 
Isaac S2 seep 
Surface water 339 7.2 29 
Sediment 5 cm depth 357 6.6 28 
Middle Creek 
Surface water 510 6.2 16 
Sediment 5 cm depth 205 6.6 16 
7.3 Results 
7.3.1 Bacteria and Archaea Communities based on T-RFLP Analysis 
T-RFLP shows that bacterial communities differed between habitats and depth (Figure 7.2A). 
Bacterial community structure differed between high organic matter (Middle Creek) and low 
organic matter (Upper Isaac and Isaac Crossing) habitats. In the Upper Isaac (S1, S2 and seep), 
bacterial community structure in surface sediments with visible biofilms differed from deeper 
sediments. This indicates changes in bacterial community structure with depth. Bacterial 
communities in the dry stream bed (Isaac Crossing) were similar in composition to bacterial 
communities in deeper sediments in the Upper Isaac (MDS, Stress = 0.097. SIMPROF test on Bray 
Curtis Similarity; π = 5.9, p < 0.1% and π = 3.0, p < 0.7% for splits at 41% and 61% similarity 
respectively. Appendix F-1). 
Differences in the Archaea community structure within habitat were also detected (Figure 7.2B). 
Archaeal communities in the seep habitat were more similar in composition to Archaeal 
communities in Middle Creek, than the proximate Upper Isaac S2 remnant pool sediments (MDS, 
Stress = 0.113. SIMPROF test on Bray Curtis Similarity; π = 5.1, p < 0.1% at 41% similarity. 
Appendix F-2).  
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 Figure 7.2: MDS of microbial community structure determined by T-RFLP.  
A) T-RFLP using Bacterial primers digested with AluI. The grey dotted lines shows the major clustering groups at a similarity of 
41% and the dashed lines show secondary clusters at similarity 61%, using Bray Curtis resemblance analysis. The different letters (a 
- e) indicate significant difference between clusters (SIMPROF Global test, Bray Curtis Similarity; π = 5.9, p < 0.1%) where different 
letters indicate significant difference between groups. B) MDS of T-RFLP data using Archaeal primers digested with AluI.  The grey 
dotted lines show the major clustering groups at a similarity of 51% and the dashed lines show secondary clusters at a similarity of 
54%, using Bray Curtis resemblance analysis. The different letters (a - f) indicate significant difference between clusters (SIMPROF, 
Global test, π = 3.7, p < 0.3%). C) In the key, the colours represent different sites and the symbols represent depth.  
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7.3.2 Pyrosequence Analysis on Microbial Communities  
Three habitats were selected for pyrosequencing to determine changes in taxonomic groups and 
included Upper Isaac S1, Isaac Crossing and Middle Creek (Figure 7.3).  
 
Figure 7.3: Conceptual view of selected habitat types analysed using pyrosequencing.  
A) Habitat with low organic matter and surface water flow (Upper Isaac S1); B)  Habitat with low organic matter and dry river bed 
(Isaac Crossing); and C) High organic habitat as a result of deposition of plant material from surrounding vegetation (Middle Creek). 
Changes in relative abundance of the three domains; Eukaryota, Bacteria and Archaea are evident 
between and within the three habitats (Figure 7.4). In all sediment samples, bacteria are the 
dominant group accounting for over 70% of the relative abundance. Eukaryota and Archaea 
abundance vary between sites and depth, where Eukaryota abundance ranged between 0.3 - 19% 
with the highest abundance occurring in surface sediments, and the lowest abundance occurring the 
in the deeper sediments. Archaeal abundance was lowest in the low organic Upper Isaac site 
accounting for less than 10% relative abundance. In contrast, Isaac Crossing and Middle Creek 
habitats harboured the highest Archaeal abundance (10-23%). 
 
 
Figure 7.4: Relative abundance of Eukaryota, Bacteria and Archaea detected in the three habitats with sample depth.   
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7.3.2.1 The Eukaryota Domain 
Figure 7.5 shows the eukaryote community composition between and within habitats, with the 
letters above the graphs indicating significant differences between groups. The predominant phyla 
present were Alveolata, Fungi, Metazoa and Stramenopiles. Several eukaryotic groups were 
responsible for differences between habitats; the Upper Isaac surface sediments (Group B1) and 
Middle Creek (Group B2). Upper Isaac S1 surface sediments had a higher diversity in the 
Metazoans including Annelida, Gastrotricha, Arthropoda, Rotifera and other unidentified 
Metazoans. In addition it had higher abundances of Streptophyta, Chlorophyta and Cercozoa.  
Middle Creek on the other hand was mainly composed of Nematoda and Arthropoda. In addition it 
had larger abundances of Euglenida and Stramenopiles, in particular Bacillariophyta (LINKTREE 
on Bray Curtis Similarity and SIMPER One-way analysis for discriminating changes in taxa. 
Appendix F-4 and F-6). 
A decline in Eukaryotic abundance is observed in deeper sediments within all habitats, particularly 
in the Isaac habitats (Group A) (Deeper Upper Isaac and Isaac Crossing)  (SIMPROF test; π = 9, R 
= 0.98, p < 0.01%. Appendix F-4). Streptophyta and Chlorophyta were only present in the Upper 
Isaac surface sediments and did not occur in the other sediment samples.  In the biofilm layers 
sampled, a large portion of Fungi, Ciliophora and unidentified Metazoans were observed. In 
contrast the sediments underlying the biofilm at 1-5 cm depth mainly consisted of Gastrotricha, 
Annelida and Ciliophora. At 20 cm depth the total eukaryotic abundance declined significantly.  
Some differences between the edge and within water samples in both the Upper Isaac and Middle 
Creek were also observed (Figure 7.5). In the Upper Isaac S1 the edge samples included increased 
occurrence of Apicomplexa and Cercozoa compared with the surface samples collected from the 
pool. In Middle Creek the edge sample had increased Nematoda and Bacillariophyta compared with 
the pool samples, which had higher abundances of Ciliophora and Fungal groups. 
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Figure 7.5: The Eukaryote domain  
A) Bar graph with Eukaryota abundance between habitats and with depth. Letters above the bar graph represent significantly 
different groups where different letters indicate significant difference between groups, based on SIMPROF test with Bray Curtis 
similarity: π = 9.0, p < 0.1% and π = 3.3, p < 0.1% for clusters at 27% (Group A and B) and 56% (Group B1 and B2). B) Subset of 
Graph A zoomed in at a relative abundance scale of 2%. C) The taxa are named according to Phylum followed by the Class.  Bar 
graph colour shades are grouped by Phylum: dark blue for Alveolata, purple for Fungi, Red for Metazoa, black for Rhizaria, light 
blue for Stramenopiles, yellow for Viridiplantae  and grey for other environmental samples.  
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7.3.2.2 The Bacteria Domain 
The pyrosequence data for the bacterial domain corresponds with results in bacterial community 
structure for T-RFLP results. The bacteria community structure differed between Middle Creek 
(Group A) to that of the Isaac habitats (Group B) (Figure 7.6). Within the Isaac habitats (Upper 
Isaac and Isaac Crossing) there was further differentiation in bacteria community structure between 
surface (Group B1) and the deeper sediments (Isaac S1 deep and Isaac Crossing, Group B2)  
(SIMPROF test on Bray Curtis Similarity, Global Test π = 2.9, p < 0.1%. Appendix F-5).  
The dominant bacterial groups were primarily composed of the phylum Proteobacteria (17-33%), 
Bacteroidetes (16-38%), and Acidobacteria (5-19%). In the Bacteroidetes an average of 78% of 
reads were from the class Sphingobacteriia. Within the Proteobacteria, the Betaproteobacteria 
accounted for the largest percentage (39%) followed by Alphaproteobacteria (27%), 
Gammaproteobacteria (18%) and Deltaproteobacteria (16%).  The main groups which compose 
these Proteobacteria can be seen in Table 7. 2.  
The main taxa that differentiate Middle Creek from the Isaac habitats (Upper Isaac and Isaac 
Crossing) are the relative higher abundance of Bacteroidia, Deltaproteobacteria, Anaerolineae and 
Actinobacteria in Middle Creek. Within Middle Creek, the deeper sediments at 20 cm showed 
higher abundances of Betaproteobacteria, Nitrospira and Gemmatimonadetes. In contrast, Isaac 
sediments (Upper Isaac and Isaac Crossing) had higher abundances of Chloracidobacteria, 
Sphingobacteriia and Planctomycea (SIMPER One-Way Analysis, analysis for discriminating 
changes in taxa between groups A and B at dissimilarity 44%. (Appendix F-9). Chloroplast 
containing groups were found in both the Middle Creek and Isaac surface sediments; however 
Cyanobacteria were only present in the Isaac sediments.  
The main difference in bacterial composition within the Isaac surface and deeper sediments include 
increased proportion of Cyanobacteria, Chloroplast containing taxa and Alphaproteobacteria and 
Gammaproteobacteria in surface sediments. In contrast the sediments underlying the biofilm had 
higher abundances of the phylum Acidobacteria, Nitrospirae and Gemmatimonadetes (SIMPER 
One-way analysis for discriminating changes in taxa between groups B1 and B2 at dissimilarity 
19.1 Appendix F-10). 
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Figure 7.6: The Bacteria domain. 
Bar graph showing Bacterial abundance between habitats and depth. Letters above the bar graph represent significantly different 
groups where different letters indicate significant difference between groups, based on SIMPROF test with Bray Curtis similarity: π 
= 3.8, p < 0.1% and π = 1.37, p < 0.3% for clusters at 81% (Group A and B) and 90% (Group B1 and B2). The taxa are named 
according to Phylum followed by the Class. The most abundant Phylum groups are coloured in similar shades and include: dark blue 
for Proteobacteria, Red for Acidobacteria, purple for Bacteroidetes, green for Cyanobacteria.  
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Table 7. 2: The dominant taxa within the Proteobacteria classes. Taxa are listed within the hierarchy of Class and Order. Abundance 
is presented as the average abundance of all samples in % of Bacterial Domain. 
Proteobacteria  
Average abundance 
within the Bacteria 
Domain 
Alphaproteobacteria  
Sphingomonadales 
Rhizobiales 
Rhodospirillales 
Uncultured taxa 
Rhodobacterales 
2.9% 
2.8% 
0.7% 
0.7% 
0.6% 
Betaproteobacteria  
Burkholderiales 
Rhodocyclales 
Uncultured taxa 
4.8% 
4.0% 
1.6% 
Deltaproteobacteria  
Myxococcales 
Syntrophobacterales 
Desulfuromonadales 
1.5% 
1.4% 
0.9% 
Gammaproteobacteria  
Chromatiales 
Uncultured taxa 
3.7% 
0.6% 
*Orders with less than 0.5% abundance of the bacteria domain have been omitted from the table 
7.3.2.3 The Archaea Domain 
Archaeal community structure differed from that of the Bacteria and Eukaryota in that the Archaea 
clustered separately between all three habitats, rather than clustering with depth in the Isaac habitats 
(Upper Isaac and Isaac Crossing)  (SIMPROF test on Bray Curtis Similarity, Global Test π = 2.8, p 
< 0.4%. Appendix F-11). Archaeal abundance was highest in the Isaac Crossing and Middle Creek 
sediments, and lowest in the Upper Isaac S1 habitat (Figure 7.7). Middle Creek had high 
abundances of Methanomicrobia and Crenarchaeota C2 and a lower abundance in 
Thaumarchaeota. In the Upper Isaac S1, the surface sediments displayed lower total Archaea 
abundance than the deeper sediment sample. The dominant archaea present was Thaumarchaeota. 
Isaac Crossing had the highest Archaeal abundance, predominantly composed of Thaumarchaeota, 
Methanomicrobia and Thermoplasmata. Changes with depth included a decrease in Archaeal 
abundance, and a higher abundance of Methanomicrobia at 20 cm while Thaumarchaeota increased 
in abundance in deeper sediments (LINKTREE on Bray Curtis Similarity; Group A and B: π = 2.83, 
R = 0.77, p < 0.1%. Group B1 and B2: π = 2.64, R = 1, p < 0.4%. Appendix F-12). In both the 
Upper Isaac surface S1 and Middle Creek habitats, the presence of Methanobacteria can be 
observed in the surface edge and pool samples in comparison to the deeper samples.  
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Archaea  
Average 
abundance 
Phylum Euryarchaeota  
Methanomicrobia 
Methanosarcinales 
Methanomicrobiales 
Methanocellales 
Thermoplasmata 
Uncultured taxa 
Methanobacteria 
Methanobacteriales 
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6.3% 
1.0% 
 
8.2% 
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Figure 7.7: The Archaea domain  
A) Bar graph showing Archaea abundance between habitats and depth. Letters above the bar graph represent significantly different 
groups based on SIMPROF test, Bray Curtis similarity: π = 2.82, p < 0.1% and π = 2.61, p < 0.2% for clusters at % (Group A and B) 
and % (Group B1 and B2).  The taxa are named according to Phylum followed by the Class. Bar graph colour shades are grouped by 
Phylum: Red for Crenarchaeota and blue for Euryarchaeota. B) The dominant taxa within the Archaea domain. Taxa are listed 
within the hierarchy of Phylum, Class and Order. Abundance is presented as the average abundance of all samples in % of Archaea 
Domain. 
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Figure 7.8: Conceptual diagram integrating the community distribution between and within habitats.  
The diagram is sectioned into three columns and two rows. The columns represent the Middle Creek and Isaac habitats (Upper Isaac and Isaac Crossing). The bottom row lists the taxa which were 
highest in relative abundance within the habitats. The top row includes the conceptual diagram and shows changes in community composition within habitats. Colours represent differences in 
community composition. The symbol indicate the abundance of Archaea (triangles) and Eukaryota (circles), where black symbols indicate an abundance >5%. 
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7.4 Discussion 
The aim of this chapter was to examine microbial community structure in relation to depth within 
selected habitat types. The conceptual model that has emerged is presented in Figure 7.8 and 
provides an overview of the key differences between and within the habitats investigated in this 
chapter. 
Some differences in the dominant microbial groups were observed compared with microbial 
communities in Chapter 5 and 6; and included higher relative abundance of Bacteroidetes 
(particularly Sphingobacteriia) and Archaea. These differences in community composition are 
likely due to seasonal variation combined with differences in molecular methods used (Section 
7.2.3). Despite these differences, observed patters between habitat types and depth parallel findings 
in Chapter 6.  
7.4.1 Differences between Habitats 
Microbial community structure differed between Middle Creek (with high organic matter) and the 
Isaac sites (Upper Isaac and Isaac Crossing consisting of sandy sediments). These results mirror 
findings in Chapter 6. Relative higher abundances of heterotrophs such as Bacteroidia and 
Actinobacteria known to degrade complex plant materials (Kirchman 2002) along with anaerobic 
members within the Deltaproteobacteria and Methanobacteria were observed in Middle Creek. 
Bacteroidetes have previously been associated with high organic matter loads (Eiler et al. 2003, 
Hutalle-Schmelzer et al. 2010, Newton et al. 2011). Further higher abundances of potential spore- 
forming and phototrophic members such as Chloroflexi and Firmicutes (Bryant and Frigaard 2006, 
Paredes-Sabja et al. 2011) were detected in Middle Creek. In contrast, the Isaac habitats appeared to 
be driven by phototrophic biofilms, which entailed different phototrophic prokaryotes such as 
Cyanobacteria, Chloracidobacteria and likely phototrophic members within the 
Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria (Kersters et al. 2006). In 
comparison, the deeper sediments supported higher abundances of Acidobacteria, Planctomycetes, 
Nitrospira and Thaumarchaeota. In contrast to the higher abundances of heterotrophs in Middle 
Creek, Acidobacteria have been suggested to be negatively correlated with carbon availability 
(Fierer et al. 2007), and may possibly also be involved in iron, nitrate and sulphur reduction (Ward 
et al. 2009). 
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Though the sediments in the groundwater seep did not have pyrosequence data, T-RFLP showed 
that the bacterial community was more similar to the Isaac surface sediments (a low detritus 
habitat), confirming the lack of differences found in microbial communities in seep habitats 
compared with other habitats in Chapter 6. In contrast, the Archaeal community within the seep 
sediments showed a similar community structure to that of Middle Creek (high organic) sediments. 
The seep sediments had very thick biofilm compared with the other habitats and likely more 
anaerobic conditions which may explain similarities with the Archaeal communities in Middle 
Creek, mainly composed of Methanomicrobia and Crenarchaeota C2.   
7.4.2 Differences with Depth 
In Chapter 6, microbial community composition was found to differ between the two depths 
sampled, though this difference was only observed in habitats with surface water and not in dry 
stream beds. Further, as discussed in Chapter 3, sediment profiles could physically differ with depth 
(substrate type) as a result of organic matter accumulation and sediment deposition with seasons. In 
this chapter, sediments were sampled according to visual/physical horizons based on layers of 
depositional organic matter (Middle Creek), biofilm formation under low flow conditions (Upper 
Isaac S1) and moisture in a homogenous sandy dry river bed (Isaac Crossing). These sites are 
representative of the type of habitats experience in the Upper Isaac Catchment (Chapter 3). 
7.4.2.1 The Isaac Habitats 
Microbial communities differed between surface and deeper sediments in the Isaac habitats. The 
main difference between the surface and deeper sediment was an increased abundance in 
phototrophic groups as well as Eukaryota in the surface sediments. This is reversed for the Archaea, 
which were higher in abundance in the deeper sediments.  
Surface Sediments 
The surface sediments, (0-5cm depth) contained higher abundances of phototrophic prokaryotes 
such as Cyanobacteria, Chloracidobacteria and members from the Alphaproteobacteria (in 
particular Rhodospirillales and Rhodobacterales), and Gammaproteobacteria (in particular 
Chromtiales). Many of these groups are reported to contain anaerobic phototrophs (Bryant and 
Frigaard 2006, Bryant et al. 2007), along with the presence of Deltaproteobacteria, known for the 
anaerobic oxidation of organic acids and iron, nitrate and sulphate reducers (Odom and Singleton 
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1993, Schwarz et al. 2007). It is well documented that biofilms can contain highly variable 
conditions that include redox gradients to support these interactions (Davey and O'Toole 2000) and 
are typically dominated by oxygenic phototrophs such as Cyanobacteria with intermixed or 
underlying layers of anoxygenic phototrophs (Martínez-Alonso et al. 2005, Roeselers et al. 2008).  
Sphingobacteriia were a dominant group in these three sites, though the relative abundance was 
highest in Upper Isaac S1 with the occurrences of biofilms. Sphingobacteriia represent a broad 
physiological group reported to occupy freshwater and marine sediments. They are metabolically 
diverse and are known for their abilities to break down complex plant materials such as 
extracellular polymers that are abundant in biofilms. Many of the members within the Bacteroidetes 
have been reported to play an important role in the degradation of organic matter associated with 
Cyanobacteria and algal blooms (Lipson and Schmidt 2004, Pinhassi et al. 2004, Berg et al. 2008, 
Villanueva et al. 2010). 
Other candidate phototrophs, the Chloroplast group were also detected, with Eukaryotic sequences 
from the green algae Chlorophyta, Cryptophyta, Euglenozoa and Stramenopiles. Biofilms form 
micro-habitats, which in these sediments include a diverse array of Metazoa, Fungi, Ciliophora and 
Cercozoa. Protozoans and amoeboids are reported to prey on unicellular algae, bacteria and micro-
fungi, providing an important link in the food chain as consumers, but also as a food source for 
micro-invertebrates (Jürgens et al. 1999, Nikolaev et al. 2004, Moreira et al. 2007, Risse-Buhl et al. 
2012).  
Therefore, in the sandy habitats, the limited supply of organic matter commonly found throughout 
the Upper Isaac Catchment and the high abundance of phototrophic groups in surface sediments 
indicate that phototrophic biofilms and their associated microhabitats may provide an important 
autochthonous carbon supply that drives microbial communities and activity.  
Deeper Sediments 
While surface sediments had higher abundances of Eukaryota and other prokaryotic phototrophs, a 
clear change in community composition was observed with depth. The deeper sediment showed 
increased abundances of the bacteria class Acidobacteria, Nitrospira, Gemmatimonadetes, 
Planctomycea and an overall significant increase in Archaea abundance, in particular the phylum 
Thaumarchaeota (Orders Cenarchaeoles and Nitrosophaerales).   
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The higher abundance in Nitrospira and Gemmatimonadetes contain a wide range of metabolic 
traits, though these capabilities are mainly associated with aerobic processes. Little is known on the 
Gemmatimonadetes, though some cultured members have been identified as aerobes and also 
known to be poly-phosphate accumulating (Zhang et al. 2003). The higher relative abundance of 
nitrifying members and Planctomycetes was also observed in low detritus sediments in Chapter 6, 
and in the Isaac sites appear to particularly occur within the deeper sediments. 
Differences in archaeal abundance were found between the habitats with surface water (Upper 
Isaac) and without surface water (Isaac Crossing), with a higher abundance of Archaea in the dry 
river bed. In the dry river bed at Isaac Crossing, differences in Archaeal community structure with 
depth were observed. The surface sediments were dry, and therefore did not yield sufficient DNA 
for microbial community analysis. However, differences were observed in the deeper sediments, 
with moist sediments at 20-30 cm and sediment saturation at 40 cm depth. Archaeal abundance was 
highest at 20 cm depth, dominated by Methanomicrobia and Thaumarchaeota. At 30 and 40 cm 
Methanomicobia were no longer abundant, indicating reduced capabilities of methanogenesis with 
depth. Studies have shown that the wetting and drying of sediments places particular selective 
pressure on microbial communities by changing oxygen conditions during drying (Rees et al. 2006) 
and it has been suggested exposure of sediments to air though drying may supply oxygen to deeper 
parts of the sediment (Baldwin and Mitchell 2000). 
7.4.2.2 Middle Creek 
Middle Creek had a thick depositional layer of organic matter overlaying coarse sand. Compared 
with the Isaac habitats, Middle Creek showed higher abundances of heterotrophic and anaerobic 
members including Bacteroidia, Actinobacteria, Deltaproteobacteria and Methanomicrobia. 
Bacteroidia are a diverse group and have been reported to include fermenting degraders in 
anaerobic freshwater environments and organic rich soils (Kirchman 2002, Schwarz et al. 2007). 
Similarly, the Deltaproteobacteria are strict anaerobes, in particular sulphate reducing bacteria 
(SRB) such as Desulfobacterales, Desulfovibrionales, Desulfuromonadales and 
Syntrophobacterales. Desulfuromonadales are also known to use iron and nitrate as an electron 
acceptor (Barton 1995), and therefore may play a role in denitrification and iron reduction in the 
rich organic layers in Middle Creek. Methanomicrobia were the dominant archaea, mainly 
composed of the orders Methanomicrobiales reported to be hydrogenotrophic methanogens and 
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Methanosarcinales which include acetoclastic methanogens (Garcia et al. 2006, Kendall and Boone 
2006).  
Within Middle Creek, the community composition was relatively homogenous, though some 
changes in community composition occurred with depth, between the surface organic layer and the 
deeper coarse sediments. The surface organic layer contained higher abundances of eukaryotic 
phototrophs along with anaerobic microorganisms compared with deeper coarse sediments. The 
dominant eukaryotes in Middle Creek included phototrophs Bacillariophyta and Euglenida and 
multi-cellular organism such as Nematoda. These roundworms, are known to feed on a variety of 
materials including algae, Fungi and other dead matter (Hakenkamp and Palmer 2000). Therefore, 
the higher organic matter in Middle Creek harboured different communities compared with the low 
detritus Isaac habitats indicating important links in trophic levels of the food chain and the 
decomposition of organic matter. 
Both the surface and deeper sediments contained methanogens such as Methanomicrobia. The 
deeper coarse sediments had higher abundance of microbes with aerobic capabilities as suggested 
by a greater presence of nitrifying groups (Thaumarchaeota and Nitrospira) and 
Gemmatimonadetes, a pattern which was also observed in the Isaac sediments (Upper Isaac and 
Isaac Crossing). Further, relative higher abundance of Betaproteobacteria occurred in the coarse 
deeper sediments in Middle Creek. Within the Betaproteobacteria, Rhodocyclales was one of the 
dominant groups, and have been reported to be common in wastewater treatment plants and 
therefore associated with nutrient rich environment (Garrity et al. 2005, Hesselsoe et al. 2009). 
Though there is some indication of an increased presence in aerobic microbial groups alongside 
heterotrophs in the deeper coarse layer, it is not clear if the aerobes are active or remnant from 
previous seasonal conditions. For example, nitrifiers have been reported to be able to tolerate 
anaerobic conditions and alternating nutrient conditions, where they are able to rapidly respond 
once conditions are suitable (Geets et al. 2006). This indicates possible resilience to constant 
changing conditions, where certain microbial groups and functional traits may be retained. 
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7.5 Conclusions: Organic Matter Matters 
Microbial community structure differed between habitats but also within habitats with depth. Five 
sites were sampled, where sediments for each site were processed as composite samples; therefore 
the variation within these habitats was not quantified.  
When vegetation cover on stream banks was dense such as in Middle Creek, plant litter was 
deposited creating habitats with high organic matter. This appeared to create localized environments 
within the river beds with high abundances of anaerobic microorganisms including denitrifiers, 
sulphate reducers, iron reducers and methanogens. However, these depositional pools are often 
seasonal where high flow events can result in both deposition and removal of coarse river sand.  
The underlying coarse sediments under these organic depositions appeared to retain some of the 
microbial composition from the low organic environment, with increased abundance of aerobic 
microorganisms.  
The majority of the streams in the Upper Isaac Catchment were composed of sandy sediments with 
low organic matter. In these low organic habitats, differences in microbial community composition 
were observed with depth with the formation of phototrophic biofilms on surface sediments. It is 
suggested that the surface microenvironments provide an autochthonous carbon source which drive 
heterotrophic and chemoautotrophic microbial communities in cycling carbon and nutrients in the 
deeper sediments. 
Overall, we could infer the metabolic capabilities by examining the microbial community 
composition in these sediments, though the metabolic rates of the biogeochemical processes are not 
known. Therefore further investigations using chemical and more focused functional analysis would 
provide further insights into these processes. In the following chapter, three key biogeochemical 
processes in freshwater systems were examined to investigate the effects of salinity on these process 
rates. 
  
 129 
 
Chapter 8: Process Rates and the Effect of 
Salinity 
 
8.1 Introduction 
The previous chapters have provided insights into microbial community composition and their 
potential metabolic traits within the Upper Isaac Catchment. However, the ecosystem processes 
have not been investigated.  
As described in Chapter 1, the recent flooding in the Isaac region resulted in mine water discharge 
into streams and increased salinity in stream surface waters. The impact of increased salinity on 
aquatic ecosystem processes and microbial community structure has not been widely studied, 
particularly in the context of ephemeral streams. Changes to biogeochemical processes through 
perturbations such as increased salinity can have implications for ecosystem functions and health. 
By understanding the effect of increased salinity on these microbial driven processes, the 
implications of saline mine water discharge on microbial communities and biogeochemical cycles 
can be assessed.  
The aim of this chapter is to develop an understanding of the impact of salinity on the microbial 
mediated processes. Using laboratory experiments, three key freshwater ecosystem processes were 
examined: nitrification, denitrification and methanogenesis. Experiments were conducted prior to 
the availability of microbial information/data, and thus the processes were selected based on key 
ecosystem processes known to occur in freshwater systems. Potential rates for these three processes 
were measured with the addition of nitrogen and carbon, as nutrient and carbon concentrations 
within the stream sediments were limiting. The effect of salinity in this study was mainly examined 
by varying sodium chloride (NaCl) concentrations, independent of ionic composition. It is 
recognised that the ionic composition of saline mine water is variable, though in the Isaac region, 
ionic composition contains high levels of sodium and chloride (Appendix G-1).  
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This chapter presents two sections for which the objectives are: 
Aerobic incubations: To determine the effects of salinity and saline mine water on potential 
nitrification; and 
Anaerobic incubations: To determine the effects of salinity on potential denitrification and 
methanogenesis in sediments collected from two habitat types: low and higher organic matter.  
Results on each of the processes are discussed separately, while conclusion on biogeochemical 
processes and the implication of increased salinity are drawn together in a conceptual view at the 
end of the chapter.  
 
Figure 8.1: Illustration of interactions between process rates, carbon and nitrogen availability and salinity on the processes measured 
in this chapter; nitrification, denitrification and methanogenesis. 
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8.2 Aerobic Incubations: Potential Nitrification 
In previous chapters, nitrifying microorganisms were commonly found within the Upper Isaac 
Catchment, indicating that nitrification may be a dominant process within these sediments. 
Nitrification is an important process in the nitrogen cycle, linking nitrogen mineralization to 
potential loss of nitrogen though denitrification (Austin and Strauss 2011). Nitrification occurs over 
two steps; the transformation of NH4 to NO2 by ammonia oxidising bacteria and archaea and the 
second stage of the reaction is completed by nitrite oxidising bacteria, transforming NO2 to NO3 
(Schlesinger 1997, Paul 2007). To examine the effect of salinity on nitrification in ephemeral 
stream sediments, two experiments were carried out:  
Experiment 1: Examined the effect of salinity as NaCl and mine water on potential nitrification; 
and 
Experiment 2: Examined the effect of artificial mine water (AMW) on potential nitrification. 
Experiment 1 was conducted using NaCl to examine the effects of salinity on nitrification. The 
experiment was repeated in Experiment 2 using mine water in order to determine if any potential 
effects were a result of increased salinity or a result of the ionic composition of the waters. 
8.2.1 Methods 
8.2.1.1 Sampling 
Sediments were collected for potential nitrification rates at two sample times; Boomerang Creek in 
January 2011 (Experiment 1) and Cherwell Creek in December 2011 (Experiment 2). Flow 
conditions differed between the two sample times, with low flow conditions in January 2010 and 
dry river beds in December 2011. For each of the experiments the stream conditions are presented 
in Figure 8.2.  
For Experiment 1, sediments were collected from the top 20 cm. In addition stream surface water 
(300 µS/cm) was sampled for the incubation slurries. For Experiment 2, sediment was excavated 
until the groundwater table was reached (approximately 1 m depth) and saturated sediments were 
collected. All sediment and water samples were stored and transported on ice until experimental set 
up (up to 3 days). A subsample for microbial analysis was stored at -30ºC. 
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A Boomerang Upstream, January 2011 
Experiment 1 
B Cherwell Crossing, December 2011 
Experiment 2 
  
Surface water meandering over the creek bed. The 
sediment was low in organic matter though had 
some scattered eucalypt leaves on the stream 
bed.  
Dry stream condition without surface water flow. 
Saturated sediments occured at approximatly 1m 
depth.  Cherwell Crossing is a wide stream, low in 
leaf litter within the stream bed. 
Figure 8.2: Photographs of the sample locations for the aerobic incubations in Experiment 1 and 2.  
A) Boomerang Creek Upstream, January 2011 sampled for Experiment 1 and B) Cherwell Creek Crossing, December 2011 sampled 
for Experiment 2. 
8.2.1.2 Potential Nitrification 
Potential nitrification was examined by incubating 90 g dry weight sediment (pre-determined by 
measuring the moisture content of the sediment) into each 350 ml sample bottle, followed by the 
addition of 150 ml respective salinity treatment. The salinity treatments applied are indicated in 
Table 8.2. Further, Sediments were incubated with the following nutrient amendments: unamended 
(U, no additional nutrients added), nitrogen amended (+N as NH4Cl to a final concentration of 
0.055 mM NH4-N in each bottle), carbon amended (+C as CH3COONa to a final concentration of 
0.833 mM CH3COONa in each bottle) and a nitrogen and carbon amended (+N+C). The nutrient 
additions were made to circumvent any potential nutrient limitations that may have occurred during 
the incubations. Additionally, the amendments provided information on differences which may 
occur under varying nutrient and carbon conditions. 
Samples were incubated at room temperature (approximately 25°C), where 1 cm diameter openings 
in the bottle lids where fitted with Kim Wipe stoppers, allowing air to diffuse into the bottles. 
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Bottles were shaken twice a day for 17 days, and prior to sampling. At each sample time 5 ml of 
water was sampled from each bottle using sterile syringes and analysed for exchangeable nitrogen 
(NH4, NO2, NO3) and PO4. Nitrification rate was calculated using a linear regression of µmoles 
NH4 consumed and NO3 produced over time (Allen 1989). 
Experimental Design 
The salinity treatments differed between experiment 1 and 2 in that NaCl was used in the salinity 
treatments in Experiment 1 and artificial mine water (AMW) was used in Experiment 2: 
 For Experiment 1, incubations were set up in triplicate and salinity treatments were applied with the 
addition of NaCl to the stream water to achieve the desired salinity. The salinities and nutrient 
amendments applied have been provided in Table 8.2. A saline mine water treatment was also 
applied, collected from Coolarbar Pit, Saraji Mine (6000 µS/cm). The duration of the incubations 
was 384 hours; 
- Further, an additional incubation experiment was conducted in parallel to Experiment 1 to 
examine abiotic changes in nutrient concentrations over time. This was achieved by 
sterilising the sediments, where triplicate sediment slurries with the addition of distilled 
water were autoclaved at 120°C for 3 hours, followed by the addition of filter sterilized  
nutrients including; control unamended, +N and +N+C.  
 Experiment 2 differed from Experiment 1 in that the salinity treatments were made of AMW to the 
desired conductivity rather than river water and NaCl. The salinity levels in the AWM and nutrient 
amendments applied are listed in Table 8.2. The AMW treatments were set up as duplicated bottles 
using distilled water as the control (17 µS/cm). This experiment was conducted to test salinity effects 
as a result of the different ionic composition derived from mine water. The ionic composition used 
for the AMW was based on mine water from Peak Downs Mine used for ecotoxicology studies on 
invertebrates in the region (Dunlop et al. 2011). The composition of the AMW is presented in Table 
8.1, and contains higher levels of sulphate than the NaCl salinity treatments. The duration of the 
incubations was 576 hours. 
Table 8.1: Artificial Mine Water (AMW) composition including the salts added to distilled water in mM. 
Salts added CaCl2.2H2O KCl MgCl2.6H2O Na2SO4 * 10 H2O NaCl NaHCO3 
m mole L-1 4.89 2.15 20.69 36.02 102.56 14.29 
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Table 8.2: The experimental setup for Experiment 1 and 2 showing the nutrient amendments and salinity treatments applied to each 
experiment.  
U = unamended, +N = nitrogen amended, +C = carbon amended, +N+C = nitrogen and carbon amended. 
Nutrient Amendments Salinity Treatment 
Experiment 1: Boomerang Creek Upstream 
U +N +N+C +C 
Control 
River 
Water 
1000 
µS/cm 
NaCl 
5000 
µS/cm 
NaCl 
10,000 
µS/cm 
NaCl 
Mine Water 
(6000 
µS/cm) 
Autoclaved 
Experiment 2: Cherwell Creek Crossing 
U +N +N+C n/a 
Control 
Distilled 
Water 
1000 
µS/cm 
AMW 
5000 
µS/cm 
AMW 
10,000 
µS/cm 
AMW 
 
 
8.2.1.3 Water Chemistry 
Samples from experiments and the field were taken and analysed for various analytes. This includes 
analyses for ammonium (NH4), nitrate (NO3), nitrite (NO2) and orthophosphate (PO4), total 
sediment carbon and nitrogen measured and major anions (Cl, SO4, HCO3) and cations (Na, K, Mg, 
Ca) measured as described in Methods Section 4.3. 
8.2.1.4 Microbial Analysis: Pyrosequencing 
The microbial taxonomic groups were examined from four samples using pyrosequencing on the 
16S rRNA gene from the AMW incubations, Experiment 2. These samples included the control 
sediment collected from Cherwell Creek and two samples from the 10,000 µS/cm AMW salinity 
treatment (one sample from the +N+C and one from the +N amendment) to examine differences in 
microbial communities between the +N and +N+C amendments at 10,000 µS/cm AMW. This 
microbial examination is used to give an indication of possible differences in microbial 
communities as only one sample for each of the treatments was available for microbial analysis. A 
comprehensive survey on microbial communities in the incubation sediments was not possible due 
to the defrost event mentioned in the Chapter 3 (and further addressed in Appendix C). DNA 
extraction of microbial genomic DNA and pyrosequencing methods and data processing applied are 
described in the Methods Section 4.2. 
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8.2.2 Results 
8.2.2.1 Experiment 1: Salinity Incubations 
Abiotic Factors 
Nutrient and Carbon Amendment 
A parallel experiment was conducted in which sediments were autoclaved for sterilization and 
incubated under different nutrient amendments. This was done to investigate if any changes in 
nutrients concentrations were due to abiotic (physical and/or chemical) factors, rather than 
microbial transformations.  
The addition of NH4 and acetate resulted in an increased loss of NH4 (Figure 8.3) within the first 72 
hours of the incubations. There was no change in nutrient concentrations after 72 hours, supporting 
that autoclaving of the sediments resulted in microbial death as no microbial activity was detected 
(Appendix G-2). PO4 and NO2 concentrations were measured though these ions remained below 
detection limits in all incubations.  
 
  NH4   NO3 
 
Figure 8.3:  Sediment slurries autoclaved for sterilization and incubated under aerobic conditions showing the loss of NH4 and NO3 in 
the first 72 hours.  
Control is composed of stream water without any nutrient or saline amendments. +N and +N+C indicate the addition of NH4 and 
acetate as amendments to the stream water.   
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Response to Salinity (NaCl) increase 
Nutrient concentrations were measured before and straight after the addition of the NaCl treatment 
to sediments. This determined if salinity treatments resulted in release of nutrients from sediments. 
The initial concentration for NH4 in the incubations was dependent on salinity, where increased 
salinity resulted in significant release of NH4 from the sediments (ANOVA, F (3,8) = 11.75, p = 
0.003) (Figure 8.4). Though there was a decrease in NO3 at 10,000 µS/cm, the decrease was not 
significant (ANOVA, F (3,8) = 2.5, p = 0.133). PO4 and NO2 concentrations were below the 
detection limit and independent of salinity treatment (data not shown).  
A NH4 B NO3 
 
 
 
 
  
Nutrient concentration prior to saline water addition to the sediments 
 
Nutrient concentration after to saline water addition to the sediments 
 
Figure 8.4: The release of nutrients from sediments with the addition of saline water.  
Nutrient measurements were taken from the water treatments before and after addition to the sediments (within 1/2 hour of water 
addition to the sediments) and show concentrations of A) NH4 and B) NO3. No additional nutrients were applied. All error bars are 
presented as SE. 
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Biotic Factors 
Nutrient and Carbon Amendment 
The rate of NH4 uptake and production of NO3 with the addition of nutrients were examined. The 
availability of N and C affected the rate at which NH4 was taken up and NO3 produced (Figure 8.5). 
NH4 removal was significantly higher in the +N and +N+C amended treatments (ANOVA, F (3,8) = 
18.34, p = 0.001, Post Hoc Tukey, p < 0.05). However, nitrification rate, as NO3 produced, was 
significantly repressed by the addition of acetate (+C and +N+C amendments) (ANOVA, F (3,8) = 
40.58, p < 0.001, Post Hoc Tukey, p < 0.05). Inhibition of nitrification as a result of pH shifts in the 
acetate amended bottles was excluded as pH was consistent (pH 7.5 - 8.5) throughout the 
experiment and within the optimum range at which nitrification occurs (Seitzinger et al. 1991, Paul 
2007) (pH ranges presented in Appendix G-3). 
 
  NH4   NO3 
 
Figure 8.5: Nitrification incubations with control river water at different nutrient additions, including control (unamended), +N (NH4 
amended), +C (acetate amended) and +N+C (NH4 and acetate amended). 
Mean uptake rate of NH4 (grey bars) and production of NO3 (black bars) are presented as in µMoles kg dry sediment/day. The letters 
(A and B) indicate significant differences between treatments using ANOVA Post Hoc Tukey test; different letters indicate 
significant difference between groups. Error bars are presented as Standard Error. 
Nitrification response to Salinity (NaCl) increase  
Potential rate of nitrification was examined in relation to different salinities. Overall, nitrification 
was inhibited at 10,000 µS/cm, but not at the lower salinity treatments. The mine water treatment 
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from Coolabar Pit (6000 µS/cm) had higher potential nitrification rates compared with the NaCl 
treatments (Figure 8.6Figure 8.), though was likely a result of initial elevated concentrations of 
nutrients (NH4 and NO3) in the mine water (Appendix G-4). 
In the +N amended incubations, NH4 uptake increased with salinity (ANOVA, F (4,10) = 172.268, 
p < 0.001), with a significant increased rate of NH4 metabolized at 1000 µS/cm, 5000 µS/cm, 
10,000 µS/cm and in the Mine Water treatment (Post Hoc Tukey, p < 0.001) (Figure 8.6Figure 8.). 
However, the rate of NO3 produced did not mirror the patterns in NH4 uptake, where a significant 
decline in the rate of NO3 at 10,000 µS/cm was observed (ANOVA, F (4,10) = 100.369, p<0.001) 
(Figure 8.6). As supported in Figure 8.5, potential nitrification was repressed in the +N+C 
compared with the +N amendments. In contrast to the +N amended sediments, salinity did not 
inhibit NO3 production in the +N+C amendments, (ANOVA, F(4,10) = 48.063, p<0.001, Post Hoc 
Tukey, p < 0.001 for the mine water treatment and p > 0.05 for the salinity treatments). 
A +N B +N+C 
  
 
Figure 8.6: Experiment 1: Nitrification incubation at different salinity treatments using NaCl and nutrient amendment with A) +N; 
and B) +N+C.  
The graphs display the rates of NH4 uptake and NO3 produced. The letters indicate significant differences between treatments using 
ANOVA Post Hoc Tukey test. All error bars are presented as Standard Error 
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When each step in the nitrification pathway was examined (NH4  NO2  NO3), the following 
observations were made: 
Ammonium (NH4  NO2  NO3) 
In the +N amended incubations, a decline in NH4 concentration was observed in all salinity 
treatments, though the rate of NH4 oxidation was delayed up to 168 hours in the 10,000 µS/cm 
incubation compared with the lower salinities (Figure 8.7A).  
In the +N+C amended incubations, a 20 µMoles decline in NH4 was observed within the first 72 
hours for all samples (Figure 8.7A).  Post 72 hours there was no significant change in NH4 
concentration, except in the mine water treatment. The mine water treatment had a higher 
concentration of initial NH4 compared with the other treatments, and a significantly increased rate 
of NH4 removal (ANOVA, F (4,10) = 106.7, p < 0.001, Post Hoc Tukey, p < 0.001). 
Nitrite (NH4  NO2  NO3)  
In both the +N and +N+C amended incubations, a rise in NO2 concentration was only observed in 
the 10,000 µS/cm and mine water treatment (Figure 8.B). This differs to the control and lower 
salinity treatments, where NO2 remained below detection limits, and appear to have been converted 
to NO3 at the same rate as being produced. This indicates a potentially slower response in the 
conversion of NO2 to NO3 at the higher salinity and mine water treatment. 
Nitrate (NH4  NO2  NO3) 
In the +N amended incubations, the rate of NO3 produced appeared to match the rate of NH4 
consumed for the NaCl treatments. The rate of NO3 production was significantly lower for the 
10,000 µS/cm treatment (ANOVA, F(4,10) = 100.369, p<0.001) (Figure 8.7C); which coincided 
with the delayed uptake of NH4 (Figure 8.7A). For the mine water treatment, a delayed response in 
NO3 production was also observed, despite being significantly higher than the NaCl treatments. 
This delay appears to occur as a result slower response in the conversion of NO2 to NO3. 
In the +N+C amended incubations, NO3 production was significantly reduced compared with the 
+N amendments, with the exception of the mine water treatment. This would be expected as there 
was no uptake of NH4 for the NaCl treatments to be transformed into NOx. 
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  +N +N+C 
A NH4 
  B NO2 
  
C NO3 
  
 Keys 
 
 
Figure 8.7: Experimen1: Nitrification incubation at different salinity treatments using NaCl.  
The two columns present nutrient amendments (+N and +N+C). The graphs in rows A-C display nutrient concentrations (NH4, 
NO2and NO3) over time for each salinity treatment. All Error bars are presented as Standard Error. 
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8.2.2.2 Experiment 2: Artificial Mine Water Incubations 
In Experiment 2, artificial mine water (AMW) at different conductivities was used instead of NaCl 
treatments, though salinities correspond with those in Experiment 1. The AWM was representative 
of the ionic composition of mine water in the region (Dunlop et al. 2011). 
Nitrification Response to Artificial Mine Water  
Within the +N amended incubations, NH4 uptake was higher in the AMW with higher salinity than 
in the control incubation (ANOVA, F (3,4) = 102.328, p < 0.001. Post Hoc Tukey, p < 0.001) 
(Figure 8.8B).  Further, the rate of NO3 produced decreased in the 10,000 µS/cm treatment 
compared with the control treatment (ANOVA, F(3,4) = 7.922, p = 0.037. Post Hoc Tukey, p < 
0.05). These results correspond with findings in Experiment 1. 
A reduced rate of NO3 production was also observed in the +N+C amendment compared with the 
+N amendment (Figure 8.8), as was found in the NaCl treatments in Experiment 1. In the +N+C 
amendments, the demand for NH4 increased as a result of carbon addition, evidenced by the NH4 
uptake compared with the +N amendments (Figure 8.8). Further, NH4 uptake declined at 5000 and 
10,000 µS/cm (ANOVA, F(3,4) = 1256.822, p < 0.001. Post Hoc Tukey, p < 0.05) compared with 
an increased NH4 uptake at higher salinity in the +N amendments. There was also an increase in 
NO3 production at 5000 and 10,000 µS/cm, rather than an inhibition with salinity (ANOVA, F(3,4) 
= 32.882, p = 0.003. Post Hoc Tukey, p = 0.016 and p = 0.006 respectively). 
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  +N +N+C 
A Nutrients 
  
B Rate 
  
 Keys 
 
  NH4 
  NO3 
 
Figure 8.8: Experiment 2: Nitrification incubated at different AMW salinity treatments on Cherwell Creek sediments. 
The two columns present nutrient amendments (+N and +N+C).  The graphs in A) display nutrient concentrations (NH4, NO2 and 
NO3) over time for each salinity treatment. Graphs in B) displays rates of NH4 uptake and NO3 production in units of µMoles/kg 
sediment/day. The letters indicate significant differences between treatments using ANOVA Post Hoc Tukey test, where a different 
letter represents a statistical difference between treatments. All Error bars are presented as Standard Error. 
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Microbial Community Composition 
Proteobacteria were the most abundant phylum present in sediments collected for Experiment 2 
(30-44%), followed by Acidobacteria (18-23%), Planctomycetes (6-7%), Chloroflexi (5-9%), 
Nitrospirae (4-8%) and Actinobacteria (4-7%). These are also the taxonomic groups with the most 
prominent changes in relative abundance between treatments. In the 10,000 µS/cm +N treatment, a 
relative decrease in Proteobacteria and increase in Nitrospirae were observed compared with the 
control. In contrast, the 10,000 µS/cm +N+C treatment showed a relative increase in Proteobacteria 
and decline in Acidobacteria compared with the control (Graph at a phylum level presented in 
Appendix G-8).  
Bacterial taxa described in the literature known to carry out nitrification are presented in Table 8.3, 
where the main bacterial groups found in the sediments are indicated. As taxonomic resolution was 
mainly to the Order level, the results are only an indication of the possible nitrifying capability in 
these sediments. The main taxonomic groups observed in the sediments known to contain nitrifying 
bacteria include Nitrospira (Phylum Nitrospirae) and members within the four Proteobacteria 
groups, Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria and Gammaproteobacteria. 
Table 8.3: Described genus in the literature with metabolic capabilities for ammonia and nitrite oxidation in the nitrification process. 
(Head et al. 1993, Teske et al. 1994, Purkhold et al. 2000, Konneke et al. 2005, Schleper et al. 2005, Geets et al. 2006, Pazinato et al. 
2010) * indicate the taxonomic order found in the 16S rRNA pyrosequence data for the AMW incubations. Taxonomic resolution 
from the pyrosequence data used is at the Order level.  
Phylum Order Genus Comments/Habitat 
Ammonia oxidisers     
Betaproteobacteria * Nitrosomonadales Nitrosomonas 
Soil, freshwater, marine 
 
   Nitrosospira Soil 
   Nitrosolobus Soil 
Gammaproteobacteria  Chromatiales Nitrosococcus Mainly marine 
Crenarchaeota  Thaumarchaeota  Mainly marine and soils 
Nitrite oxidisers     
Alphaproteobacteria * Rhizobiales Nitrobacter Soil, freshwater, marine 
 Deltaproteobacteria * Desulfobacteriales Nitrospina Mainly marine 
Gammaproteobacteria  Chromatiales Nitrosococcus Mainly marine 
Nitrospirae * Nitrospirales Nitrospira Mainly marine, Soil 
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Figure 8.9 shows the relative abundance of the taxonomic Orders within the above described 
taxonomic Classes. The differences in taxa observed between treatments compared with the control 
sediments were: 
- A relative increased abundance in Nitrospirales and uncultured Deltaproteobacteria (in 
particular the Gr-wp33-30 clade) were observed in the 10,000 µS/cm +N treatment; 
- In contrast, a decreased abundance in uncultured Gammaproteobacteria and the 
Betaproteobacteria (in particular Burkholderiales) occurred in the 10,000 µS/cm +N 
treatment; and 
- A relative increased abundance of Alphaproteobacteria and Betaproteobacteria were 
observed in the 10,000 µS/cm +N+C treatment. In particular higher abundances in 
Caulobacterales, Sphingomonadales (Alphaproteobacteria), Neisseriales, Rhodocyclales 
(Betaproteobacteria) and the Gammaproteobacteria Pseudomonadales could be seen. 
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  10,000 µS/cm, +N   
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B   
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Figure 8.9: Bacterial relative abundance with16S rRNA pyrosequencing.  
The graphs only present taxonomic groups from the phylum Nitrospirae and Proteobacteria, reported to contain bacteria with 
nitrifying capabilities. A) The abundance of the taxonomic classes Nitrospira and the four Proteobacteria groups 
Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria and Gammaproteobacteria. B) Further breakdown of the taxonomic 
classes in graph A into taxonomic orders for each of the treatments, control sediments and 10,000 µS/cm AMW with +N and +N+C 
amendment. 
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8.2.3 Discussion 
The objective for this section was to examine the effect of increased salinity on potential rates of 
nitrification using NaCl (Experiment 1) and artificial mine water (Experiment 2). Sediment 
incubations were amended with both ammonia and acetate as a supply of nutrients and carbon. 
Results indicted a response to the addition of ammonia and acetate as well as a response to 
increased salinity.  
8.2.3.1 Response to Nutrients and Carbon Amendments 
Abiotic Factors 
A rapid removal of NH4 in the first 72 hours was observed in the sterilized sediments and the 
nitrification incubations. This was likely a result of factors such as NH4 adsorption to sediments due 
to cation exchange capacity (Seitzinger et al. 1991) and possible NH3 volatilization (Schepers and 
Raun 2008). The decrease in NH4 in the first 72 hours appears to mainly be due to abiotic factors.  
Biotic factors 
In all nitrification incubations, differences in potential nitrification rates with the addition of 
nitrogen (+N as NH4) and nitrogen and carbon (+N+C as NH4 and acetate) were observed. An 
increased uptake of NH4 in the carbon amended incubations indicated assimilation of NH4 in the 
presence of acetate. Studies have previously reported that high C:N ratios enhances assimilation of 
nitrogen, while low C:N ratios encourage mineralization (Eiland et al. 2001, Paul 2007).  
When microbial communities are examined, the addition of carbon compared with the nitrogen 
treatment showed an increased in Proteobacteria and a decrease in Acidobacteria abundance. This 
indicates a possible shift in bacterial community with carbon availability. Other studies have 
reported a relationship with nutrients and carbon with these microbial groups where the ratios of 
Proteobacteria and Acidobacteria have been reported to reflect the nutrient status in soils (Smit et 
al. 2001, Ge et al. 2010).  
The suppression of nitrification with the addition of carbon is likely due to complex interactions 
between microbial communities and abiotic conditions. Explanations may include the competition 
between heterotrophic microorganism and ammonia oxidisers for NH4. These results are consistent 
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with findings in other studies reporting inhibition of nitrification due to competition between 
chemolithotrophs and heterotrophic bacteria as a result of increased C:N ratios (Verhagen et al. 
1995, Strauss and Lamberti 2000, Bernhardt and Likens 2002, Geets et al. 2006). Unfortunately, 
dissolved oxygen measurements were not available for these incubations, though it is possible that 
oxygen may have become limiting with the addition of acetate, resulting in a shift to denitrification 
or the co-occurrence of nitrification and denitrification. 
8.2.3.2 Nitrification Response to Salinity 
Abiotic Factors 
Initial NH4 concentrations were dependent on salinity levels. The release of NH4 from sediments 
with salinity has previously been reported (Gardner et al. 1991, Seitzinger et al. 1991), and has been 
shown to be due to displacement of ions, where cations such as Na and NH4 compete for exchange 
sites on the surface of sediment particles at higher salinities (Rysgaard et al. 1999).  
In the +N amended sediments, the microbial uptake of NH4 increased with salinity and may have 
been due to the increased availability of NH4 at higher salinities. This would suggest, higher salinity 
reduces the sediments ability to retain NH4, making more NH4 available for microbial 
immobilization, metabolic activity or result in downstream loss. However this remains to be further 
examined. The implications of the release of ammonia from sediment with increased salinity need 
to be considered when examining saline mine discharge effects, as these may have downstream 
implication on the availability of nutrients and nutrient cycling.  
Biotic Factors 
The rates of nitrification differed between incubations amended with +N and +N+C. This also 
resulted in different responses to increased salinity and is further discussed below.  
+N amended incubations 
In the +N amended treatments, nitrification was inhibited at 10,000 µS/cm but not at the lower 
salinity treatments (in both NaCl and AMW treatments). In the NaCl treatments (Experiment 1) the 
trend showed a delay in NH4 uptake (168 hrs). The negative effect of salinity on nitrification is 
supported in the literature, where progressive increases in salinity have been shown to reduce 
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nitrification activity in sludge reactors (Campos et al. 2002) as well as estuarine sediments 
(Rysgaard et al. 1999). 
+N+C amended incubations 
Unlike in the +N amended incubations, there was no inhibitory effect from increased salinity when 
carbon was added to the sediments. In the +N+C amended sediments there was an increase in 
potential nitrification rate at 5000, and 10,000 µS/cm in the AMW incubations. The inhibition of 
potential nitrification in the +N amended, but not the +N+C amendment sediments indicates 
interactions between microbial groups with nutrient/carbon availability and salinity.  
There were no obvious changes in abundance in known nitrifying groups between the control and 
10,000 µS/cm AMW treatments, except for an increase in Nitrospira, indicating its growth was not 
inhibited by salinity. Further, an increased abundance in Uncultured Deltaproteobacteria mainly 
from the clade Gr-wp33-30 was observed, which has been isolated from deep sea sediments, in 
particular in relation to possible oxidation of methane (Siegert et al. 2011). There was also a 
significant decline in uncultured Gammaproteobacteria. Therefore, a microbial response to salinity, 
in particular the uncultured bacteria may be occurring. However, further experiments with 
replication are required to confirm these shifts in microbial community composition. Previous 
studies have shown negative correlations between salinity and the abundance of ammonia oxidising 
bacteria using functional genes assay (Francis et al. 2003). Further, Coci et al. (2005) showed 
changes in nitrifying members in freshwater sediments at different salinities, suggesting salinity is a 
major factor steering ammonia oxidising bacteria. It would be useful to examine the nitrifiers using 
functional gene assays due to the shifts in uncultured microorganisms found in these sediments and 
the wide range and distribution within different taxonomic groups. 
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8.3 Anaerobic Incubations: Potential Denitrification and Methanogenesis 
8.3.1 Introduction 
With the low availability of organic matter in the Upper Isaac sediments, carbon and nitrogen are 
likely to be limiting factors for denitrification and methanogenesis. However, the layers of 
depositional organic matter could create environments for heterotrophic and anaerobic processes. 
Therefore, this section examines the effect of increased salinity on two anaerobic processes; 
denitrification and methanogenesis in habitats with low and high organic matter. Two anaerobic 
experiments were carried out with the main objectives being: 
- Experiment 3: to examine the effect of salinity as NaCl and mine water on potential denitrification 
in low detritus sediments collected from a remnant pool; and 
- Experiment 4: to examine the effect of salinity as NaCl and mine water on potential denitrification 
and methanogens on sediments collected from two different habitat types within the catchment: low 
detritus sediments and a high organic deposition pond. 
8.3.2 Methods 
8.3.2.1 Sampling 
Experiment 3 samples were collected at the end of the wet season in May 2010 from Isaac River 
where surface water pools were still present at the site and further site details are presented in 
Figure 8.10A. 
Experiment 4 sediments were sampled at the end of the dry season in October 2010 from two 
creeks: Cherwell and Middle Creek. No surface water was present at the sites. Saturated sediments 
were sampled at approximately 30 cm depth. Cherwell Creek sediments were sandy with low 
organic matter content (similar to condition found in Isaac River in Experiment 3) while Middle 
Creek sediments were fine grained silt/clay with high organic matter. These sites represent different 
types of habitats comparing sediments containing high and low detritus and correspond to 
comparisons made in microbial community composition in Chapter 7.   
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A Isaac River, May 2010 B Cherwell Creek, October 2010 C Middle Creek, October 2010 
Experiment 3 Experiment 4                                                                           Experiment 4 
   
      
   
Surface water was present in the form of a 
riffle/pool. Some algal biofilm on the surface 
sediments was present with scattered eucalypt 
leaves overlaying the sediments. 
The site had a dry river bed, where saturated water 
table was reached at 30 cm depth.  Few scattered 
leaves and no organic matter were visible. 
No surface water was present; however the surface 
sediments were saturated. The site had a thick 
deposition of organic matter of approximately 10 cm 
depth with an overlay of scattered eucalypt leaves. 
Grasses from river banks had grown over the river 
bed. 
Figure 8.10:  Photographs of the sample locations for the anaerobic incubations corresponding with Experiments 2 and 3.  
The bottom panel shows a close-up of the river bed at each site: A) Isaac River, May 2010; B) Cherwell Creek, October 2010; and C) Middle Creek, October 2011. 
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8.3.2.2 Experimental Design 
For both Experiment 3 and 4, triplicate sediments were incubated with nutrient additions; 
unamended (U, no additional nutrients added), nitrogen amended (+N as KNO3 to a final 
concentration of 0.03 mM NO3-N in the slurry) and nitrogen and carbon amended (+N+C, N as 
KNO3 and C as CH3COONa to a final concentration of 0.83 mM Acetate in the slurry). 
Experimental setup, as presented in Table 8.4, included salinity treatment; control river water, 1000 
µS/cm, 5000 µS/cm and Mine Water (5000 µS/cm). The experimental setup for Experiment 3 
differed from Experiment 4 in that the CH4 measurements were not conducted. The experimental 
setup for Experiment 4, where both N2O and CH4 were measured, is presented in Figure 8.11. 
Table 8.4: The experimental setup for Experiment 3 and 4 showing the nutrient amendments and salinity treatments applied to each 
experiment. 
U = unamended, +N = nitrogen amended, +C = carbon amended, +N+C = nitrogen and carbon amended. 
Nutrient Amendments Salinity Treatment 
U +N +N+C 
Control Distilled 
Water 
1000 µS/cm 
NaCl 
5000 µS/cm 
NaCl 
 
 
Figure 8.11: Experimental design for Experiment 4 indicating times of nutrient additions and head space gas sampling. 
The same sediment slurries were used for both potential denitrification and methanogenesis measurements.  CH4 was measured in the 
head space prior to N2O as the potential of denitrification rates required the addition of acetylene, which could be used as a substrate 
source by methanogens.  Nutrient samples were collected at the end of CH4 and N2O experimental runs, however these nutrient 
results are not usable due to prolonged sample defrost described in the methods sections. Further NO3 and acetate were added 
between experiments to ensure they were not limiting. 
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8.3.2.3 Potential Denitrification 
The acetylene block method quantifies the rate of potential denitrification within a sample (Chan 
and Knowles 1979, Seitzinger et al. 1993, Groffman et al. 2006). To each 250 ml sample bottle, 100 
g dry weight sediment sample and 130 ml of river water with the appropriate salinity treatment was 
added. Nutrients were added according to the assigned treatment as described above, before sealing 
the bottles with rubber septa and purging the bottles with N2 gas for 2 min to achieve anoxic 
conditions. Acetylene gas (C2H2) was produced using calcium carbide pellets (CaC2). The acetylene 
gas was added to replace 10% of the headspace volume and thereby inhibit the reduction of N2O to 
N2 (Balderson et al. 1976). The time of the acetylene addition on day 3 of the incubation was used 
as time zero for the denitrification rate calculations.  
N2O in the headspace was measured three times at 4 hour intervals. Samples were shaken at each 
sampling time to ensure mixing between slurry and headspace in each bottle. To measure the N2O 
produced, 100 µL of gas sample from the headspace was extracted using gas tight syringe and 
injected into a gas chromatograph with an electron capture detector (Agilent 6890 mico GC-ECD). 
To estimate the amount of N2O dissolved in the water, a Bunsen coefficient of 0.6 at 275˚K was 
applied (Weiss and Price 1980). The rate of denitrification is equal to the rate of N2O production 
was calculated using a linear regression. 
8.3.2.4 Potential Methanogenesis 
Homogenised sediments were set up in bottles as described for potential denitrification above. Gas 
samples were collected from the headspace as outlined in the experimental design in Figure 8.11 
and analysed for CH4 using gas chromatography with a flame ionization detector (Agilent 6890 
mico GC-FID). To estimate the amount of CH4 dissolved in the water, a Bunsen coefficient of 0.3 at 
297˚K was used (Wiesenburg and Guinasso 1979). The rate of methanogenesis was determined 
directly from the increase in CH4 (modified from Mitchell and Baldwin (1999) and Boon and 
Mitchell (1995)) and was calculated using a linear regression. 
8.3.2.5 Microbial Analysis: T-RFLP 
From the denitrification and methanogenesis incubations in Experiment 4, sediments were collected 
for microbial community analysis on day four of the experiment. T-RFLP analysis was carried on 
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two replicate sediments from each of the salinity treatments amended with +N. T-RFLP was carried 
out on 16S rRNA genes for both the Archaea and Bacteria domains and examined for shifts in 
microbial community structure between treatments as described in Section 4.2.2.  
8.3.3 Results  
8.3.3.1 Potential for Denitrification 
Potential denitrification rates under different salinity treatments for the Isaac River (Experiment 3) 
and sediments incubated from Cherwell Upstream and Middle Creek for Experiment 4 are 
presented in Figure 8.12). 
Nutrient and Carbon Amendment 
N2O gas was not produced in the unamended incubations. With the addition of NO3 in the +N 
amended incubations, potential denitrification rates were low in both the Isaac and Cherwell 
Upstream sediments, with less than 0.25 and 0.03 mg of N2O/ kg sediment/ day produced 
respectively. In contrast, the Middle Creek sediment had a higher denitrification rate, close to 2 mg 
of N2O/ kg sediment/ day.  When additional carbon was present (+N+C amended incubations), 
denitrification rates were more rapid than with nitrogen amendment alone. For both Cherwell and 
Middle Creek, significant increase in denitrification occurred with the addition of carbon (Middle 
Creek: ANOVA, F (2,37) = 407.19, p < 0.001  and Cherwell Upstream: ANOVA, F (2,33) = 
266.73, p < 0.001), with more than a 100 fold increase in the Cherwell sediments (Figure 8.12C).  
Denitrification response to Salinity (NaCl)  
In the Isaac sediments, there was a significant increase in potential denitrification rate in the Mine 
Water treatment (ANOVA, F (3,8) = 5.74, p = 0.022, Post Hoc Tukey, p < 0.05). However, a 
significant change in potential denitrification rate was not observed between the salinity treatments 
even though an increase in the 5000 µS/cm treatment can be seen in Figure 8.12A (Post Hoc Tukey,  
p > 0.05).  
In the Cherwell creek sediments (low organic habitat), there was a significant difference in potential 
denitrification rate between salinity treatments in the +N amendment sediments (ANOVA, F (3,8) = 
7.97, p = 0.009), where the 5000 µS/cm treatment had a higher denitrification rate compared with 
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the control and 1000 µS/cm treatment (Post Hoc Tukey, p < 0.05) (Figure 8.12B). However, when 
carbon was added to the incubations in addition to the nitrogen (+N+C), no significant difference in 
denitrification rates between salinity treatments was observed (ANOVA, F (3,8) = 3.33, p = 0.077) 
(Figure 8.12C).  
In Middle Creek sediments (high organic habitat), there was no significant difference between 
salinity treatments in the nitrogen amended incubations (ANOVA, F (3,8) = 0.84, p = 0.508), 
though there was a significant decrease in denitrification rate between the 5000 µS/cm and Mine 
Water treatment in the carbon and nitrogen amended incubations (ANOVA, F (3,8) = 5.14, p = 
0.029, Post Hoc Tukey, p = 0.03). 
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Isaac River  
A +N amended  
 
 
 
Cherwell Upstream Middle Creek 
B +N amended  
 
  
C +N+C amended  
 
  
Figure 8.12: Potential Denitrification rates for each salinity and mine water treatment applied.  
Graphs include sediment incubations in A) May 2010 from Isaac River (Experiment 3), amended with nitrogen and sediments 
collected from Cherwell and Middle Creek in October 2010 (Experiment 4) amended with B) +N and C) +N+C. The letters above 
the bar graphs indicate significant differences between treatments using ANOVA Post Hoc Tukey test, where different letters 
represent a significant difference. Error bars are presented as Standard Error. 
*Note the magnitude larger scale difference in graphs B between Cherwell Upstream and Middle Creek. 
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8.3.3.2 Potential Methanogenesis 
Figure 8.13 presents potential methanogenesis under different salinity treatments for the Cherwell 
Upstream and Middle Creek sediments collected in October 2011 for Experiment 4. 
Nutrient and Carbon Amendment 
Unlike in the denitrification incubations, CH4 production occurred in the unamended bottles without 
the addition of nutrients. The rate of methanogenesis was greatest for the sediments in Middle 
Creek, the organic depositional pond. The CH4 production in Cherwell Upstream, which consisted 
of coarse sandy river bed, was negligible.  
The addition of carbon as acetate did not stimulate methane production in either habitat (Figure 
8.13C). In Cherwell Upstream there was no change in methanogenesis between nutrient 
amendments (ANOVA, F (2,33) = 0.18, p = 0.839), though an overall decrease in CH4 production 
in Middle Creek sediments with the addition of nutrients was observed (ANOVA, F (2,33) = 5.21, p 
= 0.011). 
Methanogenesis response to Salinity (NaCl) 
Salinity did not have an effect on the already low potential methanogenesis rates in Cherwell 
Upstream sediments for any of the amendments; unamended (ANOVA, F (3,8) = 0.58, p = 0.644), 
+N amended (ANOVA, F (3,8) = 0.87, p = 0.498) and +N+C amended (ANOVA, F (3,8) = 2.41, p 
= 0.142). 
In Middle Creek, potential methanogenesis was not affected by salinity in the unamended samples 
(ANOVA, F (3,8) = 0.80, p = 0.528). A decrease in CH4 production was observed at 5000 µS/cm in 
both the +N and +N+C (Figure 8.13 B & C). However, a statistical decrease in methanogenesis was 
only found in the +N+C amended incubations (ANOVA, F (3,8) = 8.79, p = 0.006. Post Hoc Tukey, 
p < 0.05). No significant difference between salinity treatments was found in the nitrogen 
amendment at 95% confidence level due to the large standard error within the nitrogen amended 
incubations (ANOVA, F (3,8) = 3.24, p = 0.082). 
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 Cherwell Upstream Middle Creek 
A Unamended  
 
  
B +N amended  
 
  
C +N+C amended  
 
  
Figure 8.13: Potential Methanogenesis rates for Cherwell and Middle Creek collected in October 2010 (Experiment 4) for each 
salinity and mine water treatment applied.  
Results are presented as mg of CH4 produced per kg of dry sediment weight per day. Graphs are presented in the order of nutrient 
amendments with A) unamended B) +N and C) +N+C amended for each of the two creeks. The letters above the bar graphs indicate 
significant differences between treatments using ANOVA Post Hoc Tukey test. Error bars are presented as Standard Error. 
*Note the magnitude larger scale difference in graphs B between Cherwell Upstream and Middle Creek. 
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8.3.3.3 Microbial Community Shifts 
Microbial community structure analysed using T-RFLP for both the Bacteria and Archaea domain 
show differences in community composition between streams (ANOSIM, Bacteria: R = 0.847, p < 
0.01 and Archaea: R = 1, p < 0.01). The organic rich Middle Creek sediments clustered separate to 
that of the low carbon Isaac and Cherwell Upstream habitats (SIMPROF, Bray Curtis Similarity; 
Bacteria: π = 7.1, p < 0.1% and Archaea: π = 11.5, p < 0.1% for clusters indicated in Figure 8.14). 
There was no difference in Bacteria or Archaea community structure in respect to salinity 
treatments (ANOSIM Two Way Nested in stream. Bacteria: R = -0.036 p = 5.33 and Archaea: R = -
0.004 p = 4.93). 
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A Bacteria: 
 
 
B Archaea: 
 
 
C 
 
 
Figure 8.14: Principle Coordinate Analysis (PCoA) on Bray Curtis resemblance generated using relative abundance from T-RFLP 
analysis;  
A) Bacterial primers digested with AluI. The grey line shows the major cluster group at a cluster similarity of 42% and the dashed 
lines show secondary clusters at similarity 67%. B) Archaea primers digested with AluI.  The grey line shows the major cluster group 
at a cluster similarity of 40% and the dashed lines show secondary clusters at similarity 51%. C) In the key, the colours represent 
streams and the symbols represent salinity treatment.  
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8.3.4 Discussion 
The objectives of this section were to examine the effects of salinity on the anaerobic processes 
denitrification and methanogenesis. 
8.3.4.1 Denitrification 
Nutrients and Carbon 
Denitrification did not appear to be a major process in the low detritus, sandy Isaac River and 
Cherwell Upstream habitats, likely due to the aerobic environment with depleted nutrient and 
carbon levels. In comparison, Middle Creek a habitat with deposition of leaf litter, high in organic 
carbon and nutrients had significantly higher denitrification levels. This indicates that carbon and 
nutrients were a limiting factor. 
NO3 was a limiting factor as denitrification only occurred in incubations where NO3 was added 
(+N). Further, the addition of acetate (+N+C) significantly increased potential denitrification in 
both Cherwell and Middle Creek sediments, and therefore carbon is likely a major limiting factor in 
these sediments. The link between the carbon and nitrogen cycles are well documented, where rates 
of denitrification depend on the availability of organic carbon and thereby are functionally coupled 
to the carbon cycle (Baker et al. 1999, Bernhardt and Likens 2002). With separate clusters in both 
bacteria and archaeal communities in the T-RFLP analysis, differences in potential denitrification 
rates as a result of different microbial communities between the habitat types is supported.. 
Denitrification Response to Salinity  
Under nitrogen amendment (+N), a slight increase in potential denitrification rate was observed at 
5000 µS/cm in Cherwell sediments, though this is trivial in terms of denitrification rate which were 
extremely low in these environments. The availability of carbon appears to override the effect of 
salinity. This is observed where salinity had no effect on N2O production in +N+C amended 
incubations. Other studies have found an inhibition effect on denitrification in freshwater wetland 
sediments (e.g. Edmonds et al. (2009) and Baldwin et al. (2006)). However, it is estimated salinity 
inhibition observed in the other studies occurred at approximately 20,000 µS/cm, a much higher 
salinity compared with the applied 5000 µS/cm in this study. Therefore an effect may be found at 
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higher salinities though this has not been examined in this study as saline mine discharge is not 
likely to exceed these limits in the Isaac Catchment. 
In the Isaac sediments, the mine water treatment resulted in increased N2O production. This 
increase could be attributed to higher levels of NO3 in the mine water collected from 1 South Dam, 
providing further nutrients for microbial metabolism (Appendix G-4). In comparison, nutrient levels 
in 6 South Dam, mine water used for Cherwell Upstream incubations, were below detection limits 
and therefore had no additional nutrient contribution.  
Middle Creek sediments, amended with carbon and incubated with mine water had a negative 
impact on potential denitrification rate. The decrease in N2O production with mine water (but not at 
5000 µS/cm) could be due to differences in the ionic composition in the waters. Sulfate 
concentrations in the mine water (collected from 6 South Dam) where significantly higher than in 
the 5000 µS/cm treatment (adjusted with NaCl) (Appendix G-9), though NaCl concentrations were 
similar. This increase in SO4 availability may have resulted in competition between the sulfate 
reducers and denitrifiers for carbon sources (Scholten et al. 2002). This is further supported by high 
abundances of sulphate reducers such as Deltaproteobacteria including Desulfobacterales, 
Desulfovibrionales, Desulfuromonadales and Syntrophobacterales observed in Middle Creek 
sediments (Chapter 7) and therefore were likely competitors under anaerobic conditions and 
increased acetate loads. No shift was apparent in microbial community structure with salinity using 
T-RFLP.  As there was no significant change in denitrification rate, a change in bacterial 
community structure was not expected.  
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8.3.4.2 Methanogenesis 
Nutrients and Carbon 
As with denitrification, methanogenesis did not appear to be a dominant process in Cherwell Creek. 
In contrast higher rates of CH4 were produced in Middle Creek. However, unlike the denitrification 
experiments, CH4 production occurred without the addition of nutrients to the incubations, 
indicating that the form of carbon utilized by the methanogens was available in the sediments. The 
addition of acetate did not stimulate methanogenesis in either of the streams. Therefore acetate does 
not appear to be the main mechanism in CH4 production for methanogens in these sediments. There 
are three metabolic pathways utilized by methanogens; where methane is produced from acetate 
(aceticlastic methanogens), CO2 and H2 (hydrogenotrophic methanogens) and methylated 
compounds (methylotrophic methanogens) (Zeikus 1977, Jones and Simon 1985, Thauer 1998).  
In Chapter 7, archaeal communities could be linked to known hydrogenotrophic methanogens such 
as Methanomicobiales and Methanobacteriales (Bonin and Boone 2006, Garcia et al. 2006). 
Methanosarcinales were also present in high abundances, a group with metabolically diverse 
capabilities, though known to have members with all three capabilities; aceticlastic, 
hydrogenotrophic and methylotrophic (Kendall and Boone 2006). Therefore, due to the archaeal 
consortia and lack of acetate stimulation in CH4 production, the hydrogenotrophic and 
methylotrophic pathways were likely the dominant CH4 processes in these sediments.  
Methanogenesis Response to Salinity 
In the unamended samples, salinity did not have an effect on CH4 production. Salinity effects on 
methanogenesis have previously been reported at approximately 8000 µS/cm (based on conversions 
from NaCl molarity and ppm concentrations in other studies) (Liu and Boone 1991, Mishra et al. 
2003). The lack of inhibition in the unamended incubations may be due to lower salinity 
concentrations used in this study, where an inhibitory effect may be found at salinities higher than 
5000 µS/cm. Higher salinities were not investigated in this study as discharge with higher salinities 
from mine waters is unlikely in the region.  
Further, the effect of salinity may differ depending on the type of methanogens present. For 
example, Baldwin et al. (2006) found methanogenesis was suppressed with increasing salinity in 
sediments dominated by aceticlastic methanogens. It has been suggested that methanogens use 
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different substrates at lower salinities than in high salinity environments, where methylotrophic 
methanogens may tolerate higher salinities over hydrogenotrophs and aceticlastic methanogens 
(Waldron et al. 2007). Further Liu and Boone (1991) found that NaCl toxicity was higher for 
acetate utilising microbes compared with hydrogenotrophs. Therefore the types of methanogens 
which use different CH4 pathways may respond differently to increased salinity concentrations. In 
the sediments in this study, acetate utilising microbes were not found to be the dominant pathway 
and therefore the microbial groups present may have higher tolerances to increased salinity. 
In Middle Creek, the incubations amended with acetate and nitrate resulted in a significant decrease 
in methanogenesis at 5000 µS/cm.  This inhibition with increased salinity indicates an interaction 
between salinity, nitrogen and methanogens. This may be attributed to competition for substrates 
and redox potential which can explain some of these interactions, including competition for acetate 
and H2 by sulphate and nitrate reducers (Lovley and Klug 1983, Boon and Mitchell 1995, Mitchell 
and Baldwin 1999) and possible inhibition of NO3 on methanogenesis (Klüber and Conrad 1998). 
However, the mechanisms and role of nutrient/carbon availability, types of methanogens and the 
effect of salinity appear to be complex, and required further investigation. 
The main metabolic groups responsible for methanogenesis are Archaea. Archaea community 
composition grouped together independent of salinity treatments when examined with T-RFLP, 
even though a significant decline in methane production was observed at 5000 µS/cm. The changes 
in potential methanogenesis, which only occurred with increased nutrients and carbon loads, is 
likely due to metabolic changes and competition for resources rather than direct inhibition and 
changes in microbial taxa abundance.  
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8.4 Overall Discussion 
The aim of this chapter was to develop an understanding of the impact of salinity on the microbial 
mediated processes in an ephemeral system. Using laboratory experiments, three key freshwater 
ecosystem processes were examined: nitrification, denitrification and methanogenesis.  
8.4.1 Nitrogen Cycle 
The nitrogen cycle is an important aquatic ecosystem process, where the products from nitrification 
along with further external nitrogen inputs, are used by microorganisms in denitrification. Further, 
the nitrogen and carbon cycle are linked by the availability of carbon. Together, these processes can 
be important in reducing nitrogen loads to downstream ecosystems (Mitchell and Baldwin 1999, 
Fischer et al. 2005, Seitzinger et al. 2006). 
With the coarse sandy river beds and limited carbon supply, nitrification is the dominant process 
over denitrification and methanogenesis. However, with increased supply of organic matter a 
significant increase in the potential for anaerobic processes was observed. Figure 8.15 presents a 
conceptual view of the relative importance of NH4 loss, nitrification and denitrification in these 
ephemeral sediments. The schematic was calculated based on the nitrification experiments using 
potential rates of NO3 produced and potential rate of NO3 consumed in the denitrification 
incubations. The amount of NH4 lost within the first 72 hours in the autoclave experiments was also 
incorporated. Though, it is noted that these are rough estimates of potential nitrogen gain and loss, 
as different sediments were used in the experiments and direct measurements between different 
processes were not undertaken.  
It is estimated that approximately 55% of the NH4 loss in the first 72 hours in the incubations is 
through abiotic factors.  The remaining NH4 was split into NH4 nitrified to NO3 and assimilation 
though heterotrophic activity. Under low carbon conditions, potential for nitrification exceeded NO3 
consumption (Figure 8.15A). Therefore, under carbon limited conditions, this may result in NO3 
accumulation and thereby downstream loss. 
In contrast, when acetate was supplied to the sediments as a carbon source, a shift to heterotrophic 
metabolism and decreased potential rate for nitrification was observed (Figure 8.15B). 
Denitrification was highly limited by the availability of carbon, where the addition of acetate 
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significantly increased potential denitrification. Therefore, under high carbon conditions, the 
potential for denitrification significantly exceeds the potential for nitrification.  
Overall, the low rates for denitrification in the low detritus environments are not surprising as 
anaerobic microorganisms require a suitable organic source and typically anoxic or hypoxic 
conditions. Consequently, denitrification and other anaerobic processes such as methanogenesis are 
highest in anaerobic environments, rich in organic carbon. Though the stream beds appear to be 
dominated by aerobic sediments, it is documented that anoxic zones due to oxygen depletion in the 
hyporheos (Findlay 1995, Jones 1995) and during drying of sediments (Boulton et al. 1998, 
Baldwin and Mitchell 2000) can occur.  Additionally, organic deposition ponds (such as Middle 
Creek), and the burial of organic matter with changes in flow conditions and season can create 
hotspots for anaerobic processes and could therefore be a sink for nutrients such as NO3. 
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A High Nitrogen, Low Carbon 
 
 
B High Nitrogen, High Carbon 
 
 
Figure 8.15: Schematic diagram estimating the  potential loss of NH4  to potential nitrification and abiotic factors and the 
consumption of NO3 with potential denitrification under A) +N (high nitrogen low carbon) and B) +N+C  (high nitrogen high 
carbon) conditions.  
Calculations were based on experiments from potential nitrification and denitrification: all units were converted to µMoles 
kg/sediment/day where potential nitrification rates were calculated as NO3 produced and potential denitrification as NO3 consumed 
and converted to relative %. Note these are estimated relationships and provide a conceptual view of the links between nitrification 
and denitrification under different carbon availability.   
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8.4.2 Biogeochemical Response to Salinity Increase 
A conceptual view of the processes examined (nitrification, denitrification and methanogenesis) is 
presented in Figure 8.16. The conceptual diagram is based on incubations under nitrogen 
amendment, and compares changes in potential process rates with the availability of carbon. 
Further, potential changes to the biogeochemical processes as a result of increased salinity are 
conceptualised. 
Nitrification 
Reduced nitrification rates occurred at 10,000 µS/cm, indicating inhibition of salinity on nitrifiers. 
This did not occur with elevated acetate concentrations. Therefore, salinity effect on nitrification 
depended on the availability of carbon. Increased carbon availability may have changed the 
conditions to heterotrophic metabolism, resulting in overall decreased NO3 production, and no 
salinity effect.  
The abundant microbial groups with potential nitrifier capabilities in Experiment 2 included 
Nitrospirales, Rhizobiales and Nitrosomonadales. These taxonomic groups were also evident in 
Chapter 6 and 7, with additional potential ammonia oxidising archaea observed. In Chapter 6, the 
distribution of the nitrifiers differed across habitats as a result of changes in environmental 
conditions, in particular surface water flow and detritus levels. This raises further questions such as; 
do nitrification rates differ across habitats with different nitrifier communities? And does the effect 
of salinity differ depending on the nitrifying community present? This may have important 
implications on the nitrogen cycle in the catchment and requires further investigation. 
Denitrification 
The response of potential denitrification on increased salinity was examined up to 5000 µS/cm and 
no significant effect was observed. Denitrification slightly increased under carbon limited 
conditions in the sandy sediments, though was not substantial. The availability of carbon appears to 
override the potential rate for denitrification, which implies that these ephemeral habitats are highly 
limited by carbon.  
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Methanogenesis 
The use of acetate as a carbon source was not the predominant pathway for methanogens in these 
sediments. However, increased CH4 production in the organic rich depositional pond indicates a 
link with increased organic matter, where the dominant pathways are likely to be hydrogenotrophic 
and/or methylotrophic. Taxonomic groups found in these sediments support these pathways, though 
further process experiments are required to confirm the dominant methanogenic pathways. 
Salinity did not affect methanogenesis under control river conditions; however inhibition occurred 
when further nitrogen and carbon (acetate) sources were supplied at 5000 µS/cm. This reveals 
complex interactions between nutrients, microbes and salinity, with reduced methanogenesis as a 
result of competition for carbon sources such as sulphate, iron and nitrate reducers (Lovley and 
Klug 1983, Scholten et al. 2002). 
8.4.3 Implications in the Context of Saline Mine Water Discharge 
The effect of the saline mine water differed from the salinity incubations in that initial nutrient 
levels in the mine waters were variable, where some contained higher levels of NH4 and NO3. The 
results indicate important but complex interaction between microorganisms, metabolic activity and 
the availability of carbon and nutrients, where the effect of salinity is determined by these 
interactions. Therefore, not just salinity but also the nutrient and carbon loads in the mine water 
need to be taken into account, and may require further characterisation. This has implications for 
mine water discharge, for example if there are seasonal patterns in mine water quality, this may 
provide opportunities for determining times at which mine discharge may result in lower risk to 
ecosystem processes. This needs to be considered in the context of potential cumulative and longer 
term effects on ecosystem processes, which have not been examined in this thesis. 
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 Low Carbon/Organic Matter High Carbon/Organic Matter 
A 
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Figure 8.16: A) A conceptual diagram of interactions between the ecosystem processes measured: potential nitrification, 
denitrification and methanogenesis; and B) the effects of increased salinity.  
The conceptual view is based on incubations with nitrogen amendments (where nitrogen is not a limiting source) and compares 
scenarios in ecosystem processes between low and high carbon/organic matter conditions. B) Shows the effects of increased salinity 
on these nutrient dynamics where changes in arrow size and the stop signs indicate the possible inhibition of increased salinity. The 
arrow thickness indicates the potential rate, with thicker arrows representing higher rates. Solid lines indicate processes discussed in 
this chapter and dotted lines show potential relationships observed. The box size indicates the estimated relative amount of nutrient 
and gas produced or accumulated. The Arrows and boxes are not to scale and only indicate a change as a conceptual framework.  
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Chapter 9: Discussion and Conclusions 
 
9.1 Introduction 
The main aim of this thesis was to examine microbial communities and ecosystem processes in an 
ephemeral stream system, to guide management decisions in the context of saline water discharge 
from coal mines. To understand the ecological consequences of increased salinity on microbial 
communities and the processes they drive, microbial community structure was characterised. 
Further, incubation experiments were undertaken to assess the effect of increased salinity on 
selected ecosystem processes. 
9.2 Conceptual View: Characterising Microbial Communities in 
Ephemeral Streams 
Based on the findings, a conceptual view of microbial distribution in this ephemeral system is 
presented. The conceptual view integrates the key environmental characteristics (Chapter 3) with 
microbial communities and their metabolic capabilities (Chapter 5) in relation to their distribution 
within the Upper Isaac Catchment (Chapter 6 and 7). Further, findings on potential process rates 
(nitrification, denitrification and methanogenesis) and the effects of increased salinity on these 
biogeochemical cycles are presented (Chapter 8). These findings provide a framework for 
understanding and managing ecosystem processes, driven by microbial communities.  
Environmental conditions were extremely variable. The accumulation of detritus during the dry 
season and deposition and burial of sediments during high flow resulted in habitats that varied 
between sites and season (wet and dry) (Chapter 3). Despite this variability and constant changing 
conditions, microbial communities could be predicted based on habitat types. 
Microbial community composition differed between the wet and the dry season. As a result the 
conceptual view in Figure 9.1 is presented without (A) and with (B) surface water. Further, several 
habitats were identified, where the major differentiator in microbial community composition was 
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detritus levels. These are represented as organic deposition on the surface and buried within the 
stream beds in Figure 9.1:4. 
A 
 
B 
 
Figure 9.1: Conceptual view of microbial distribution in the Upper Isaac Catchment A) no surface water and B) with surface water.  
Dry, saturated and organic rich sediments are indicated by different colours; Dry sediments = beige; saturated sediments = light 
brown (Numbers 1 and 3); organic deposits = dark brown (Number 4); and green = biofilm (Number 2). The numbers correspond to 
the key differences in microbial communities with differences in sediment conditions, further discussed below.  
 
9.2.1 Presence/Absence of Surface Water 
The presence or absence of surface water was a major factor in determining microbial community 
composition (Chapter 6 and 7). These differences suggest a temporal dynamic with higher 
abundances of spore forming microbes in the dry season compared with habitats with surface water 
(Figure 9.1A). The spore forming microbes included groups within Acidobacteria, Actinobacteria, 
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Myxococcales and Bacilli, indicating adaptation to the ephemeral conditions where the microbes 
were likely present at resting spores, particularly during unfavorable conditions such as dry and low 
nutrient conditions (Setlow 2007, Paredes-Sabja et al. 2011, Zeglin et al. 2011, Gao and Gupta 
2012). 
In habitats with surface water (Figure 9.1B), differences in the community composition were 
observed compared with dry stream beds. The main differences were higher abundances of both 
eukaryote and bacteria groups in habitats with surface water. This is supported in the literature 
where inundated stream sediments and soil have been shown to increase in bacterial biomass and 
activity (West et al. 1992, Baldwin and Mitchell 2000, Austin and Strauss 2011, Wilson et al. 2011) 
as well as increases in invertebrate assemblages (Larned et al. 2007). In sediments with surface 
water, the higher abundances of eukaryotic groups were predominantly Gastrotricha, Ciliopora and 
Turbelaria as well as phototrophs such as the green alga Chlorophyta. The bacterial groups 
included phototrophic and nitrogen fixing bacteria such as Cyanobacteria, Alphaproteobacteria 
(mainly Sphingomonadales and Rhodobacterales) and Betaproteobacteria (mainly Burkholderiales 
and uncultured clade Sc-i-84). 
Nitrifiers were observed in all sediments; however some differences in nitrifier communities and 
their abundances with habitat type were evident (Chapter 6). For example, Nitrospira were higher in 
abundance in dry river beds (Figure 9.1A:1) compared with habitats with surface water (Figure 
9.1B:3). Therefore it appears that different conditions select for different nitrifiers (Francis et al. 
2003). To tease out these differences further, examination of specific nitrifying groups and/or 
functional genes would be useful. These differences in nitrifier communities between habitats may 
result in different responses to external conditions, where some nitrifier members may be more 
tolerant to increased salinity (Coci et al. 2005). 
9.2.2 Detritus Levels 
Within the dry and wet seasons, habitats were further differentiated by low and high detritus. This 
was the other main factor which determined microbial community composition (Chapters 5 to 7) 
and differences in process rates (Chapter 8). Microbial activity and abundance is well known to be 
correlated with organic matter content (Fischer et al. 2002, Eiler et al. 2003), where leaf litter and 
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organic matter can be an important source of nitrogen and carbon (Baldwin 1999, O'Connell et al. 
2000, Hadwen et al. 2010, Krause et al. 2011, Wilson et al. 2011). 
Low Detritus 
The majority of the stream habitats in the Upper Isaac Catchment during the sample period were 
composed of sandy sediments with low amounts of leaf litter and organic matter, defined as low 
detritus habitats (Chapter 3). Low nutrient and carbon conditions were reflected in the microbial 
communities with dominant groups such as Alphaproteobacteria, Acidobacteria and Actinobacteria 
associated with oligotrophic conditions (Chapter 5) (Eiler et al. 2003, Haukka et al. 2006, Newton 
et al. 2011). In these low detritus habitats, metabolism was limited by carbon and nitrogen. This was 
particularly evident in Chapter 8, where denitrification only occurred in nitrate amended 
incubations with a very low potential rate of 0.17 µMoles of N2O /kg dry sediment/day (SD 0.02). 
The potential rate significantly increased to 98.9 µMoles of N2O /kg dry sediment/day (SD 5.2) 
with the addition of acetate as a carbon source.  
The low detritus habitats also harboured higher abundances of microbes with nitrifying capabilities 
and included Nitrospirales, Nitrosomonadales, and Thaumarchaeota (Chapters 6 and 7). The 
capacity for nitrification in these sediments was reflected in Chapter 8 for which potential 
nitrification rates ranged between 7.5 and 26.2 µMoles of NO3 /kg dry sediment/day. Rates in 
nitrate produced did not differ significantly between unamended and nitrogen amended incubations, 
suggesting ammonia was not a limiting factor in these sediments.  
Further, high abundances of Planctomycetes were found alongside ammonia oxidises in the low 
detritus sediments (Figure 9:1 & 3) and may represent anammox capabilities. The co-occurrence of 
these microbial groups implies such relationships, but remains to be confirmed. It has been 
suggested that other nitrogen cycling pathways, such as anammox, are likely underestimated in 
many stream sediments (Burgin and Hamilton 2007). If anammox is a dominant process in the 
habitats with low organic matter, understanding the impact of increased salinity on this process will 
be important in assessing the risk to nitrogen dynamics. 
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High Detritus 
As described in Chapter 3, habitats were also defined by higher levels of detritus, and were 
associated with increased leaf litter. In Chapter 8, both potential denitrification and methanogenesis 
were significantly higher in high detritus sediments and insignificant in the low detritus sediments. 
Potential denitrification in the high detritus habitat was 42.7 µMoles of N2O /kg dry sediment/day 
(SD 1.7) compared with 0.17 µMoles of N2O /kg dry sediment/day (SD 0.02) described above. 
With the addition of acetate, potential denitrification further increased to 191.8 µMoles of N2O /kg 
dry sediment/day (SD 7.9) in the high detritus sediments, indicating that carbon was a limiting 
factor not only in low detritus, but also high detritus habitats. As was observed in the denitrification 
experiments, potential methane production rates were also higher in the high detritus sediments 
compared with the low detritus sediments (7.5 (SD 1.8) and 0.03 (SD 0.01) µMoles of CH4 /kg dry 
sediment/day respectively). Therefore higher detritus levels, as a result of leaf litter from 
surrounding vegetation, appeared to be an important allochthonous supply of carbon and nitrogen in 
the Upper Isaac Catchment.   
In Chapter 7, organic deposits, as a result of the accumulation of leaf litter in the dry season, along 
with its burial during subsequent wet seasons, appeared to create localized hotspots within the river 
beds. These harbored higher abundances of heterotrophs and included denitrifiers, sulphate reducers 
and methanogens (Figure 9.1:4); this included Bacteroidia and Actinobacteria known to degrade 
complex plant materials (Kirchman 2002), along with anaerobic members within the 
Deltaproteobacteria and Methanobacteria. The underlying coarse sediments retained some of the 
microbial composition from the low organic environment, with increased abundance of aerobic 
microorganisms such as Thaumarchaeota, Nitrospira and Gemmatimonadetes, alongside 
Rhodocyclales a taxa associated with nutrient rich environments (Garrity et al. 2005, Hesselsoe et 
al. 2009). Though there is some indication of an increased presence in aerobic microbial groups 
alongside heterotrophs in the deeper coarse layer, it not clear if the aerobes are active or remnant 
from previous seasonal conditions.  
With the consortia of microbes present, these organic rich hotspots could provide opportune 
conditions for coupled nitrification and denitrification, particularly in the organic/sandy interfaces. 
Baldwin and Mitchell (2000) proposed that coupled nitrification and denitrification is important in 
wetting/drying cycles in stream sediments, particularly at the boundaries of oxic-anoxic zones. They 
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further suggested that facultative anaerobes such as the denitrifiers would be best adapted to these 
changing conditions. 
9.2.3 Sediment Depth and Biofilm Formation 
As discussed above, the presence/absence of surface water and detritus levels were two important 
factors in driving microbial communities and processes. In Chapter 6 and 7, changes in microbial 
communities with depth were observed, in particular in streams with surface water. Key differences 
associated with depth where the formation of biofilms on surface sediments (Figure 9.1B:2), with 
higher abundances of eukaryotes which included Fungi, Ciliophora, Gastrotricha and 
Platyhelminthes. These were accompanied by higher abundances of Bacillariophyta, green algae 
Chlorophyta, Cyanobacteria, and members from the Alphaproteobacteria (in particular 
Rhodospirillales, Rhodobacterales and Sphingomonadales). Many of these groups contain 
anaerobic phototrophs (Bryant and Frigaard 2006, Bryant et al. 2007), including photosynthetic 
members, sulphate reducers and nitrogen fixing capabilities. The biofilms and bacterial biomass 
have been reported to be an important supply of C, N and P during sediment desiccation as a result 
of microbial mortality (Baldwin and Mitchell 2000, Risse-Buhl et al. 2012). Therefore, in the sandy 
habitats, the limited supply of organic matter commonly found throughout the Upper Isaac 
Catchment and the high abundance of phototrophic groups in the surface sediments indicate that the 
phototrophic biofilms may provide an important autochthonous carbon supply.  
9.3 Mine Water Discharge and Management Perspectives 
9.3.1 Saline Mine Discharge 
Assessing saline mine discharge impacts proved challenging because samples could not be collected 
during discharge events due to high flow and flooding, and differences in salinity between upstream 
and downstream sites were not observed at sample times. Further, salinity was not a major 
environmental factor accounting for microbial community distribution in the Upper Isaac 
Catchment (Chapter 6).  
Short term laboratory incubations were carried out in Chapter 8 to investigate the effect of increased 
salinity on three ecosystem processes; nitrification, denitrification and methanogenesis. These 
processes were selected as they are three major freshwater ecosystem processes. Salinity did not 
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have an effect on potential rates of nitrification, denitrification and methanogenesis at salinities up 
to 5000 µS/cm. Nitrification was observed to be inhibited at approximately 10,000 µS/cm (in 
sediments incubated up to 16 days). Therefore in the context of saline mine discharge, and exposure 
over short term pulse events, the potential for an effect from saline discharge on these three 
ecosystem processes is not likely under regulated mine discharge limits at 1,500 µS/cm 
(Environmental Authorities under the Environmental Protection Act (1994)). It is noted that 
potential cumulative impacts and the potential for accumulation of salts were not considered in this 
study. 
Based on the findings from this thesis, management strategies can be adopted for the Upper Isaac 
Catchment. The consequence of saline mine discharge on microbial habitats can be considered 
based on river flow and levels of organic matter (the dominant factors controlling microbial 
community composition). Some key management perspectives are summarised in Table 9.1 
Table 9.1: Summary of implications for mine discharge on habitat types based the thesis findings. 
Dry Season: No surface water 
 With the high abundance of spore producing microbes and lower microbial activity in dry 
sediments, salinity effects are likely to be minimal during spore resting stages. However, if 
discharge were to occur during the dry season, this would have implications for altering flows in a 
seasonal system and thereby result in changes to habitat conditions. 
Wet season: Surface water 
Low detritus habitats 
 Salinity effect on nitrification occurred at 10,000 µS/cm, though this is a salinity level unlikely to 
occur as a result of mine discharge. Nitrification was a major process; therefore the consequence 
of inhibition on nutrient cycling may be high. 
 Potential rates of denitrification and methanogenesis were negligible in low detritus habitats and 
therefore salinity effects are not likely to have a major consequence on these two processes in 
this habitat type.  
High detritus habitats 
 Hotspots of deposited organic matter harboured higher abundances of heterotrophs and showed 
higher rates of denitrification and methanogenesis. Therefore the consequence of altering these 
processes is high.  Salinity effects however were not observed within the mine discharge limits 
likely to occur (<5000 µS/cm).  
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9.3.2 Nutrients and Carbon 
Important interactions between nitrogen and carbon with salinity were also observed in Chapter 8; 
though these need to be explored further. The results indicated that competitive advantages with 
carbon and nitrogen availability result in different process rates and interactions with salinity. 
Though not extensively sampled, mine waters showed higher levels of NO3 and habitats on mine 
sites revealed higher abundances of green algae compared with stream habitats. Therefore, there is a 
potential for additional nutrients to be released with mine waters and it would be useful to assess the 
likelihood of high nutrient loads from mine water discharge. This would have implications for 
microbial and nutrient dynamics downstream from mine sites. For example in low detritus habitats, 
heterotrophic activity and rates of denitrification may not be sufficient to process elevated NO3 from 
anthropogenic sources, as a result of limited supply of carbon. Under such scenarios, selecting 
discharge locations based on habitats with higher organic matter (generally smaller streams with 
more vegetation/canopy cover) would select for microbial communities and environmental 
conditions capable of processing additional nutrient loads.  
9.4 Limitations and Future Directions 
Some limitations and future recommendations have been discussed within the chapters and in 
sections above. This section expands on three main components: 
 Limitations in the methods used; 
 Future directions to build on the conceptual framework on ephemeral ecosystems; and 
 Further opportunities for enhancing management outcomes.  
9.4.1 Limitations in Methodology: Molecular Methods 
Inherent biases are included in DNA extractions and PCR based methods (Wintzingerode et al. 
1997, Frostegard et al. 1999, Engelbrektson et al. 2010, Lombard et al. 2011). Measures to reduce 
biases were undertaken, including optimisation of DNA extraction, PCR replication and applying 
consistent methods across all samples (Chapter 4). Further, as no standard method currently exists 
for processing data generated from next generation sequencing, it can be difficult to compare 
microbial abundance across studies, particularly with the use of primers covering different regions 
in the 16S rRNA variable regions, PCR conditions, sequence methods, different sequence sample 
depth, OTU picking methods and reference databases. These differences were experienced in this 
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study, where different primer and data analysis methods were use in Chapter 6 and 7, as a result of 
access to sequencing platforms and developing the data processing method. Therefore the data sets 
between these two chapters were not directly comparable. Further, this study examined microbial 
communities present, and acknowledges the limitations in inferred functional groups from this data. 
With relatively short reads from pyrosequence data, the taxonomic resolution of microbes is also 
limited. However, despite these differences, key findings in microbial communities between and 
within habitats observed were consistent.  Therefore despite the many challenges faced in using 
molecular tools, they provided useful insights into microbial communities to assist in managing 
ecosystems.   
The thawing of sample through loss of power from the laboratory freezer described in Appendix C, 
resulted in a loss of samples. Particularly, insights linking microbial communities with the 
ecosystem process rate measurements were limited as a result of unusable samples. However, the 
thaw event did highlight the importance of sample storage, as significant changes in microbial 
community composition in thawed samples were observed. 
9.4.2 Future Directions: Microbial Communities and Ecosystem Processes 
Functional Groups 
By examining the whole community we have gained insights into microbial groups present which 
suggest important functional traits. With these insights further investigations into functional groups 
of importance are possible. As discussed, nitrification appears to be an important process with 
different nitrifiers distributed across habitat types. Similarly the potential for coupled anammox and 
nitrification capabilities with high abundances of Planctomycetes and nitrifiers exist; however is not 
confirmed. Therefore future work could focus on groups such as nitrifiers and anammox using 
functional genes with methods such as real-time PCR, microarray or pyrosequencing (He et al. 
2007, Abell et al. 2012), coupled with process rate measurements (Risgaard-Petersen et al. 2003).   
Foodweb interactions are clearly another important component when surface water is present. The 
universal primers used in this study have provided useful insights into the importance of eukaryotes, 
though the 16S rRNA primer set are not likely to capture a significant fraction of eukaryotic 
abundance (Bik et al. 2012). Therefore targeting eukaryotic groups using 18S rRNA may provide 
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more comprehensive insights into interactions between bacterial communities and eukaryotes such 
as Fungi, which have been reported to play important roles in the breakdown of leaf litter and 
biofilms (Boer et al. 2005).  
Process Rates 
The incubation experiments were undertaken before pyrosequencing results on microbial 
communities were available. To examine the effect of salinity, three major freshwater ecosystem 
processes were measured (nitrification, denitrification and methanogenesis in Chapter 8) prior to 
determining the major functional groups present. The possibility of anammox capabilities as well as 
abundances of sulphate reducers, observed in Chapter 5 to 7, indicates these processes may also 
play important roles in the Upper Isaac Catchment. Therefore, further process rate measurements on 
biogeochemical cycles such as anammox and sulphate reduction and linking ecosystem processes  
such as the coupling of nitrification and anammox (Risgaard-Petersen et al. 2003, Kartal et al. 2006) 
and competition for carbon between denitrifiers and sulphate/iron reducers (Barton 1995, Cypionka 
2000) is recommended. 
Combining findings in microbial community structure, functional genes and process rate 
measurements will provide important links between microbial communities and their metabolic 
activity.  
9.5 Conclusions 
This thesis attempted to build on the conceptual knowledge on microbial communities within 
ephemeral streams and provided management perspectives in the context of saline mine discharge. 
Microorganisms play a vital role in the cycling of carbon and nutrients in stream sediments, and in 
turn are also influenced by the external environment. This interaction between abiotic and biotic 
factors in biogeochemical cycling can influence downstream water quality. Consequently, 
understanding the nature of these interactions is crucial for understanding ecosystem processes, and 
thereby maintaining and managing a healthy ecosystem (Bunn and Davies 2000, Ryder and Boulton 
2005, Fellows et al. 2006). 
This thesis made significant contributions towards developing a conceptual understanding of 
microbial communities and ecosystem processes in ephemeral streams: 
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 Habitats were identified based on physical environmental conditions (Chapter 3): the key habitat 
characteristics were presence/absence of surface water in relation to seasonal flow, levels of detritus 
in stream beds primarily based on leaf litter and substrate type, such as bed rock, sand, organic 
matter and coal. Systematically characterising the habitat types provided a framework under which 
microbial community distribution could be examined; 
 The microbial community composition was described in Chapter 5, where microbial groups 
presented key traits such as high abundances of spore forming bacteria indicating resistance to 
sediment desiccation and microorganisms associated with nutrient poor conditions; 
 Microbial community composition in stream sediments and their ecological functions were strongly 
influenced by the physical and chemical conditions (Chapter 6). Microbial community composition 
could be predicted by habitat characteristics previously defined in Chapter 3. The main 
environmental drivers were the presence and absence of surface water, detritus, depth and water 
quality parameters such as pH and ammonia;  
 Detritus/leaf litter was an important driver in microbial groups with different microbes occurring 
between habitats with low and high detritus levels, indicating this was an important supply of carbon 
within the streams; 
 Biofilm formation with the occurrence of surface water was also an important factor, where 
differences in microbial communities with depth were observed; mainly driven by differences 
between phototrophic microbes on the surface compared with deeper sediments. This indicates the 
importance of biofilm formation as another source of nitrogen and carbon, particularly with the 
seasonal drying and wetting cycles in these streams; 
 As a result of extreme seasonal flow in the Upper Isaac catchment, the deposition of organic matter 
in the dry season, along with its burial during subsequent wet seasons, created localized hotspots 
within the river beds. Chapter 7 further confirms the importance of these organic deposits as an 
allochthonous supply of carbon within the low nutrient and carbon creek systems; 
 Potential co-occurrence of nitrifiers and anammox was observed. However, these need to be further 
linked with microbial functions and process rate measurements in the future; 
 Effects of increased salinity on nitrification, denitrification and methanogenesis were determined 
(Chapter 8): 
o Reduced nitrification rates occurred at 10,000 µS/cm; 
o The response of potential denitrification on increased salinity was examined up to 5000 
µS/cm and no significant effect was observed. The availability of carbon appears to override 
any salinity effects, indicating these sediments were highly limited by carbon;  
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o The use of acetate as a carbon source was not the predominant pathway for methanogens in 
these sediments. Increased CH4 production in the organic rich depositional pond indicates  
the dominant pathways are likely to be hydrogenotrophic and/or methylotrophic; and 
o Salinity did not affect potential rates of methanogenesis up to 5000 µS/cm.  
Implications for ecosystem management: 
 The risk of increased salinity on ecosystem processes based on saline mine discharge criteria was low, 
with no negative impact on nitrification, denitrification and methanogenesis at salinities up to 5000 
µS/cm; 
 With microbial communities differing between habitat types, the findings provide a framework for:  
o selecting future sites to monitor changes in microbial communities and ecosystem condition in 
the Upper Isaac Catchment; and 
o Selecting potential discharge locations in relation to the capacity of the stream habitats to 
process increased salinity and/or nutrient loads. 
This work contributes to the continual improvement of environmental performance, where the 
outcomes provide fundamental information for implementing scientifically informed management 
decisions on mine discharge into ephemeral streams. By investigating the effect of saline mine 
discharge on microbial driven processes, it enables management strategies to be aimed at 
maintaining the fundamental processes supporting aquatic ecosystem health. Combining this 
information with studies on hydrology and salinity effects on larger organisms and 
ecotoxicology/indicator studies will provide an opportunity to develop an integrated management 
approach that acts to conserve ecosystem functions and services.  
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Appendix A. for Chapter 3 
 
 
Appendix A-1: Average monthly rainfall (mm) and evaporation (mm) between 1972 and 2010 in Moranbah, Fitzroy Basin (BOM 
2012). 
 
 
 
 
 
Appendix A-2: Salinity as conductivity at two monitoring stations on two Isaac River monitoring stations; Beef Road and Old 
Bombandy in 2008/9. The graphs show salinity prior and post flooding and discharge events. Data from ACARP Project C18033 
(Dunlop et al. 2011). 
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Appendix A-3: Map of the sample sites corresponding to map indicating tributaries in Figure 3.2. Site numbers correspond to sample 
names in Appendix A-4. Key indicates symbols for site location relative to the mine sites. Triangles labelled not usable correspond to 
defrosted samples discussed in Appendix C. 
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Appendix A-4: Site names corresponding to site numbers in  Appendix A-3 .Table information includes site names, main tributary 
the site lies on, location relative to the mine site; upstream (US), Discharge Point (DP), Mine Water Dam (Dam), Downstream (DS), 
Proximate mine and sample dates. * indicate times at which samples were collected however are compromised due to the freezer 
defrost. # indicates samples collected and processed, though insufficient sequences were achieved for pyrosequencing. 
 
Site Site Name Tributary and creek 
Mine 
location 
Proximate 
Mine 
Sample Dates 
1 Isaac Upper Isaac River  
Goonyella 
Riverside 
May 09 Oct 10* Jan 11 
2 Isaac Crossing Isaac River  
Moranbah 
North 
May 09 Oct 10* Jan 11 
3 Isaac at Cherwell Isaac River  Peak Downs   Jan 11 
4 Cherwell US 1 Cherwell Creek US Peak Downs   Jan 11* 
5 Cherwell US 2 Cherwell, Nine Mile Creek US Peak Downs  Oct 10 Jan 11* 
6 Cherwell Mine Cherwell Creek on Mine US Peak Downs  Oct 10* Jan 11* 
7 Harrow Dam Cherwell, 7 North Dam Dam Peak Downs   Jan 11 
8 Harrow DS Cherwell, Harrow Creek DS Peak Downs   Jan 11 
9 Cherwell DS Cherwell Creek DS Peak Downs  Oct 10 Jan 11 
10 Ripstone US Ripstone Creek US Peak Downs  Oct 10* Jan 11# 
11 Ripstone DP Ripstone Creek DP Peak Downs  Oct 10* Jan 11# 
12 Ripstone DS Ripstone Creek DS Peak Downs  Oct 10* Jan 11# 
13 B-US1 North Boomerang, North Creek US Peak Downs  Oct 10 Jan 11 
14 B-US2 Middle Boomerang, Middle Creek 1 US Peak Downs  Oct 10 Jan 11 
15 B-US3 Middle Boomerang, Middle Creek 2 US Peak Downs May 09 Oct 10* Jan 11* 
16 B-US4 Boomerang Boomerang Creek US Peak Downs  Oct 10* Jan 11 
17 Boomerang DP Boomerang Creek DP Peak Downs  Oct 10 Jan 11 
18 Boomerang Dam Boomerang Creek Dam Peak Downs  Oct 10 Jan 11* 
19 Boomerang DS 1 Boomerang Creek DS Peak Downs  Oct 10 Jan 11* 
20 Boomerang DS 2 Boomerang Creek DS Peak Downs   Jan 11 
21 Hughes US Hughes creek US Saraji   Jan 11 
22 Hughes DP Hughes creek DP Saraji   Jan 11 
23 Hughes DS Hughes creek DS Saraji   Jan 11 
24 1Mile US One Mile Creek US Saraji   Jan 11 
25 1Mile DP One Mile Creek DP Saraji   Jan 11 
26 1Mile DS One Mile Creek DS Saraji   Jan 11 
27 Philips US Phillips Creek US Saraji   Jan 11 
28 Philips DP Phillips Creek DP Saraji   Jan 11 
29 Philips DS Phillips Creek DS Saraji   Jan 11 
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Appendix A-5: Sediment carbon, nitrogen and C/N ratios presented for each habitat defined in Chapter 3, and depth within each 
habitat. Sediment total carbon and nitrogen are presented in Weight % and C/N are presented as molar ratios. SD provided is the 
standard deviation for C/N ratio. If the standard deviation is not presented, replicate habitats were not available. 
 
  Surface Sediments Deep Sediments 
  
Carbon   
(Wt %) 
Nitrogen 
(Wt %) C/N SD (C/N) 
Carbon 
(Wt %) 
Nitrogen 
(Wt %) C:N SD (C/N) 
Habitat 1 0.03 0.07 0.5 - 0.07 0.07 1.1 - 
Habitat 2A 0.08 0.06 1.6 0.8 0.08 0.05 2.3 1.7 
Habitat 2B 0.21 0.05 4.2 3.6 0.42 0.08 7.0 9.5 
Habitat 2C 2.11 0.10 24.7 14.8 0.28 0.02 38.8 41.5 
Habitat 3 0.05 0.07 1.1 0.9 0.05 0.06 1.3 1.6 
Habitat 4 0.16 0.07 3.0 2.9 0.24 0.07 3.0 5.5 
Habitat 5 0.03 0.15 0.89 1.2 0.02 0.01 2.04 - 
Habitat 6 0.25 0.07 4.3 -         
Habitat 7 1.98 0.10 13.0 16.2 4.13 0.14 33.2 13.8 
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Appendix A-6: PCA plots by tributary based on water quality parameters including pH, Electric Conductivity (EC) as salinity, NH4, NO3, NO2 and PO4. Symbols are based on Upstream, on mine site 
and downstream samples by colour and depth by symbol. 
A Tributary Boomerang C Tributaries through Saraji Mine: Hughes, 1Mile and Philip 
 
 
 
 
B Tributary Cherwell D Key 
 
 
 
 Upstream 
 On Mine Site 
 Downstream 
 Surface Water 
 Hyporheic Water 
 Mine Water Dam  
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Appendix B. for Chapter 4 
 
 
Appendix B-1: Taxonomic coverage summary of 926f/1392r 16S SSU rRNA primers undertaken with PrimerProspector (Walters et al. 2011). A) At the domain level; B) at the phylum level for 
bacteria. The y-axis represents percentage coverage and the value on top of each bar is the total number of reference sequences in each taxon. The reference sequences were derived from the Greengenes 
database for the bacteria and archaea, and Silva database for the eukarya, filtered at 97% sequence identity with UCLUST(Edgar 2010). 
A 
 
 
B 
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Appendix B-2: Taxonomic coverage for 926f/1392r 16S SSU rRNA primers undertaken with PrimerProspector (Walters et al. 2011). A) At the phylum and class level for Archaea; B) at the phylum 
level for Eukaryota. The y-axis represents percentage coverage and the value on top of each bar is the total number of reference sequences in each taxon. The reference sequences were derived from the 
Greengenes database for the bacteria and archaea, and Silva database for the eukarya, filtered at 97% sequence identity with UCLUST (Edgar, 2010). 
A 
 
 
B 
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Appendix C. Assessment of sample storage causing changes to the microbial 
community composition 
 
 
Introduction 
Sediment sample storage and handling is important when analysing microbial communities in 
sediments. It has been reported that storage conditions can influence soil microbial parameters 
(Petersen and Klug 1994, Rochelle et al. 1994, Pesaro et al. 2003, Goberna et al. 2005). 
Unfortunately, in June 2010, a freezer lost power for at least a month due to power failure, 
potentially compromising the sediment samples. This section examined the effect of the defrost 
event on sediment samples to determine if any samples could be used for further analysis. 
Methods 
Sediment Sampling and Storage 
Sediment samples were stored on ice during collection and stored in a freezer within 12 hrs of 
collection.  Once sampling concluded (usually up to 1 week at a time) samples were shipped on ice 
overnight express to the lab and frozen at -20˚C until processing. During the month of June 2011, 
one of the freezers lost power for approximately 1 month, resulting in all sediment samples in the 
freezer thawing and incubating at room temperature for this duration.  
Experimental Design  
Table 1 lists the sites and samples which defrosted and indicates which samples had been 
previously DNA extracted (composite sample from each site). Those samples which had previously 
been extracted were used to examine the effect of the thaw. Those samples for which genomic DNA 
had not been previously extracted unfortunately were not usable as we could not determine if there 
had been a shift in microbial communities. Examining the effect of thawing on the sediment 
microbial communities involved two stages, determining: 1) Method consistency; and 2) Thaw 
effect. 
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1. Method consistency 
To determine if any changes were due to the defrosting and not experimental error, randomly 
selected samples which had not undergone the thaw process were processed in replication to 
determine the experimental error in the molecular methods used in this thesis. The selected samples 
are indicated in Table 1. The two main contributors to experimental errors can include;  
a) Errors from weighing out sediments for composite samples and the efficiency of DNA 
extraction (Frey et al. 2006). DNA extraction efficiency can be affected by many factors such 
as microorganism adhering to soil particle differently (Prieme et al, 1996), differences in cell 
structure between bacterial taxa (More et al, 1994) and differences in soil structure and 
aggregates (Frostegard et al. 1999). These factors were taken into consideration to minimise 
such effects when optimising the DNA extraction protocol.  
b) PCR biases may have an influence microbial composition between different samples. Biases 
though PCR have been well reported in the literature (Baker and Cowan 2004, Frey et al. 2006, 
Claesson et al. 2009, Lombard et al. 2011). Both T-RFLP and Pyrosequencing were employed 
in this study and were subject to these PCR biases. Though as described in the methods 
processes, careful primer selection, combining triplicate PCR reactions and reducing cycle 
numbers were undertaken in an attempt to reduce these biases. 
2. Thaw effect 
Samples for which DNA was previously extracted as composites were used to investigate the 
defrost effect on microbial community structure. Samples which had thawed were re-extracted as 
composites.  
Molecular Methods 
DNA extractions were carried out as described in Chapter 4. T-RFLP was carried out using the 
domain specific rRNA primers for bacteria and for pyrosequencing the universal primer sets were 
used. Unfortunately there was insufficient PCR product using the Archaea primer set for T-TFLP to 
compare defrosted versus non-defrosted samples. Initially samples were analysed using T-RFLP 
due to reduced costs compared with pyrosequencing. However, selected samples were further 
pyrosequenced to confirm that similar shifts occurred as this was the major method used in this 
thesis. Table 1 indicates which samples were processed with T-RFLP and/or pyrosequencing. 
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Table 1: Summary of the sediment samples which were in the defrosted freezer.  
The table is separated into three sections; Top panel: Samples which defrosted, though no DNA was available from 
before the defrost. These samples were not usable for the purpose of this thesis. Mid panel: Samples which defrosted. 
Previous DNA extractions on composite samples had been carried out prior to the defrost. These samples were used to 
test the effect of the thawing on microbial community composition. Bottom panel: Samples which did not thaw, but 
were used in this section to test for both T-RFLP and pyrosequencing consistency in methods. (Site # corresponds with 
sites in Appendix A-3 and A-4. If no number is provided the site corresponds with the triangle on the map in Appendix 
A-3 and could not be used in this thesis).  
Site 
# 
Sample date Site Name Site and depth 
Colour 
code 
Analysis 
(T-RFLP/Pyro) 
Defrosted: no previous DNA extractions, sample triplicates not usable 
1 Aug, Oct 2010 Isaac Upper Surface and deep   
2 Oct 2010 Isaac Crossing Surface and deep   
- Oct 2010 Cherwell US  Surface and deep   
6 Oct 2010 Cherwell Mine Surface and deep   
10 Oct 2010 Ripstone US Surface and deep   
11 Oct 2010 Ripstone DP Surface and deep   
12 Oct 2010 Ripstone DS  Surface and deep   
15 Aug, Oct 2010 B-US3 Middle Surface and deep   
16 Oct 2010 B-US4 Boomerang Surface 83  
Defrosted: with previous DNA extraction of composite samples 
4 Jan 2011 Cherwell US 1 Surface 82 T-RFLP, Pyro 
5 Jan 2011 Cherwell US 2 Surface 78 Pyro 
5 Jan 2011 Cherwell US 2 Deep 79 Pyro 
6 Jan 2011 Cherwell Mine Surface 80 Pyro 
6 Jan 2011 Cherwell Mine Deep 81 Pyro 
16 Oct 2010 B-US4 Boomerang Deep 67 T-RFLP 
- Oct 2010 Boomerang DS 0 Mid 33 T-RFLP 
- Oct 2010 Boomerang DS 0 Deep 34 Pyro 
19 Jan 2011 Boomerang DS 1 Surface 68 T-RFLP, Pyro 
19 Jan 2011 Boomerang DS 1 Deep 69 Pyro 
Not Defrosted: used for method consistency testing 
16 Jan 2011 B-US4 Boomerang Surface 63 T-RFLP, Pyro 
16 Jan 2011 B-US4 Boomerang Deep 62 T-RFLP, Pyro 
10 Jan 2011 Ripstone US Surface 66 T-RFLP 
10 Jan 2011 Ripstone US Deep 65 T-RFLP 
16 Oct 2010 B-US4 Boomerang Deep 67 
above 
Pyro 
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Results 
Microbial Community Composition 
Method Consistency 
Figure 1 shows that there is little variation in OTU abundance and number between samples 
extracted at separate times using T-RFLP within the bacterial domain. Some minor differences were 
apparent, such as the occurrence of an OTU in one but not the other extraction. Changes included 
OTU 57 in B-US4 Boomerang surface (Jan 2011), OTU 196 in B-US4 Boomerang deep (Jan 200)1, 
OTU 182 and 121 in Ripstone US surface (Jan 2011), and OTU 215 in Ripstone US deep (Jan 
2011). Therefore only 1-2 differences in OTU occurred and the remaining OTU abundance were 
consistent between extractions.  The consistency between extractions was further confirmed in 
Figure 1 where separate DNA extractions on the same samples (represented by the squares) were 
not significantly different from one another (Bray Curtis Cluster analysis, SIMPROF test).  
Thaw Effect 
Bacterial community structure analysed using T-RFLP showed significant shifts between defrosted 
and non-defrosted samples, except for the Cherwell US 1 samples (Figure 2 and Bray Curtis cluster, 
SIMPOF). Based on the number of OTUs present, bacterial diversity increased in the Boomerang 
DS 1 from 9 OTUs to 13 OTUs. Diversity decreased from 14 OTUs to 8 OTUs in the defrosted 
Boomerang US 4 samples. While OTU abundance did not change in Boomerang DS 0 mid, OTU 
type and abundance shifted between defrosted and non-defrosted samples.  
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A 
 
B 
 
Key 
 
Figure 1: OTU abundance on bacterial community composition using T-RFLP of (A) two different DNA extractions 
from the same sediment samples; (B) before and after defrosted samples.  
Key: each colour represents TR-F/OTU number from bacterial T-RFLP profile. Site name represents stream name, site 
location; upstream (US), downstream (DS), sediment depth (surface, middle or deep) and sampling date (October 2010 
and January 2011). 
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A 
 
B 
 
Key 
82 Cherwell US 1 Surface Jan 2011 
67 B-US4 Boomerang Deep Oct 2010 
33 Boomerang DS 0 Mid Oct 2010 
68 Boomerang DS 1 Surface Jan 2011 
62 B-US4 Boomerang Deep Jan 2011 
63 B-US4 Boomerang Surface Jan 2011 
66 Ripstone US Surface Jan 2011 
65 Ripstone US Deep Jan 2011 
 
Figure 2: T-RFLP on Bacterial community composition with different extractions and defrosted versus non-defrosted samples.  (A) MDS plot. The dotted lines represent clusters at Bray Curtis similarity 
55 (B) Bray Curtis clustering where black lines signify significant difference between clusters and red lines show clusters though no significant different (SIMPROF test). Symbols: Filled circles 
represent non-defrosted samples, empty circles represent defrosted. Squares indicate samples not defrosted which were extracted twice (method consistence). Sites are represented by colours indicated in 
the key.  
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The samples from Cherwell US 1 surface (yellow) and Boomerang DS 1 surface (blue) were 
analysed using both T-RFLP and pyrosequencing. Samples analysed using pyrosequencing showed 
similar trends to the bacterial T-RFLP analysis, where Cherwell US 1 surface clustered together, 
while Boomerang DS 1 surface did not. Pyrosequencing results comparing defrosted and non-
defrosted samples are presented in Figure 3. Cluster patterns hold for both when microbial 
abundance along with phylogenetic lineage is considered (Weighted Unifrac and Jackknifed 
UPGMA clustering) and when only the presence and absence of species is considered (unweighted 
Unifrac).  In addition, it can be seen that defrosted and non-defrosted sample from Cherwell Mine 
surface also clustered together, while the remaining samples did not.   
Therefore in summary, two samples, Cherwell US 1 surface and Cherwell Mine surface, collected 
in January 2011, appear not to have been affected by the defrost. However, the remaining samples 
have changed significantly in microbial characteristics due to the defrost. 
Shifts which were found in microbial taxon between defrosted and non-defrosted samples varied, 
similar to results found in T-RFLP. However, unlike with T-RFLP, the taxonomic information from 
the pyrosequencing provides some further insights.  The main shifts due to defrosting appeared to 
occur in response to changes in Eukaryota abundance. As can be seen in Figure 4 Rhizaria 
abundance changed from <5% in the non-defrosted samples to over 50% in the defrosted samples in 
both Cherwell US 2 surface and deep sediment samples. When the taxa was examined further, these 
were found be solely from the class Cercozoa. Within the Bacterial domain, a shift in abundance of 
Nitrospirae occurred in Boomerang DS 1 deep, which was not present in the defrosted sample.  
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A 
 
B 
 
C 
 
Key 
82 Cherwell US 1 Surface Jan 2011 
79 Cherwell US 2 Deep Jan 2011 
78 Cherwell US 2 Surface Jan 2011 
80 Cherwell Mine Surface Jan 2011 
68 Boomerang  DS 1 Surface Jan 2011 
69 Boomerang DS 1 Deep Jan 2011 
 
Figure 3: Microbial community composition using pyrosequencing on defrosted versus non-defrosted samples. (A) PCoA plot on 
weighted Unifrac metrics (B) PCoA plot on unweighted Unifrac metrics (C) Weighted Jackknife UPGMA hierarchical clustering 
using average linkage. Filled circles represent non-defrosted samples, empty circles represent defrosted while sites are represented by 
colours indicated in the key. Sites are represented by colours indicated in the key.  
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Key: 
 
Figure 4: Taxon abundance by phylum for each of the domains using pyrosequencing. Eukaryota represented in shades of green, 
Bacteria represented in shades of blue and Archaea in shades of red.  Sites are represented by colours indicated in the key. Site name 
represents stream name, site location; upstream (US), downstream (DS), sediment depth (surface, middle or deep) and sampling date 
(October 2010 and January 2011). 
Discussion 
Overall, the microbial community characteristics shifted in the defrosted samples, though no 
directional patterns or changes in abundance or diversity was apparent. Both T-RFLP and 
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pyrosequencing displayed consistency in the methods applied. While there were minor changes in 
OTU abundance, the consistent profiles suggest that the DNA extraction and T-RFLP methods used 
in this work were robust. In addition, both techniques yielded the same results in terms of shifts in 
community composition, though pyrosequencing provided additional taxonomic detail.  
The implications of these results was that the majority of the defrosted samples were not usable for 
further analysis due to a change in microbial community composition. The effects of freezing and 
thawing have previously been shown to change microbial communities (Petersen and Klug 1994, 
Pesaro et al. 2003, Gonzalez-Quiñones et al. 2009). In this study, two samples appear not to have 
changed due to the defrosting: Cherwell US 1 surface and Cherwell Mine surface collected in 
January 2011. A possible reason for the lack of community shift fir these two samples may be the 
sediment conditions/site environment, where there may have been limited nutrients and carbon 
within the sediments to result in a change in communities. For example, Gonzalez-Quiñones et al. 
(2009) found that microbial communities in soils with higher organic carbon were effected more by 
storage conditions that those with less organic carbon.  
The largest shifts due to the defrost appear to occur with the Eukaryota. The Rhizaria, Cercozoa 
showed significant increase in abundance in two of the defrosted samples. These amoeboid 
unicellular eukaryotes are commonly found in soils (Nikolaev et al. 2004, Moreira et al. 2007). In 
soil samples, eukaryotes such as Fungi and protozoa, have previously been described to be 
particularly sensitive to freeze-thaw stressed, in comparison to the bacteria domain (Pesaro et al. 
2003). 
The bacteria Nitrospirae, known to include nitrite oxidisers (Lücker et al. 2010), decreased in 
abundance in one of the samples.  The possible sensitivity of such taxon to defrost is important to 
consider in the context of this study, as nutrient cycles such as nitrification were a dominant process 
in many of the sediments in this study.  
In conclusion, Table 2 lists all defrosted samples and indicated which samples were excluded and 
included in this thesis.  
Table 2:  List of all defrosted samples and indicates the sample used in subsequent analysis based on the results from this section. 
The blue cells represent samples collected in 2010 and red cells indicate samples collected in 2011. Samples were also grouped by 
tributary within samples dates. (The site numbers correspond with sites numbers in Appendix A-3 and A-4).  
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Site # Sample date Site Name Site and depth 
Usable in 
Subsequent 
chapters 
1 Aug, Oct 2010 Isaac Upper Surface and deep No 
2 Oct 2010 Isaac Crossing Surface and deep No 
- Oct 2010 Cherwell US  Surface and deep No 
6 Oct 2010 Cherwell Mine Surface and deep No 
10 Oct 2010 Ripstone US Surface and deep No 
11 Oct 2010 Ripstone DP Surface and deep No 
12 Oct 2010 Ripstone DS  Surface and deep No 
- Oct 2010 Boomerang DS 0 Mid No 
15 Aug, Oct 2010 B-US3 Middle Surface and deep No 
16 Oct 2010 B-US4 Boomerang Surface No 
16 Oct 2010 B-US4 Boomerang Deep No 
4 Jan 2011 Cherwell US 1 Surface Yes 
5 Jan 2011 Cherwell US 2 Surface No 
5 Jan 2011 Cherwell US 2 Deep No 
6 Jan 2011 Cherwell Mine Surface Yes 
19 Jan 2011 Boomerang DS 1 Surface No 
19 Jan 2011 Boomerang DS 1 Deep No 
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Appendix D. for Chapter 5 
 
Appendix D-1: List of phylum level taxa corresponding to Chapter 5 listing A) the ‘rare’ phylum observed <0.5% of all taxa. B) And 
breakdown of the uncultured bacteria at a phylum level >0.5% relative abundance. 
A B 
Phylum Relative 
% 
Bacteria Armatimonadetes 0.436 
Bacteria Candidate_division_od1 0.355 
Eukaryota Cryptophyta 0.310 
Eukaryota Amoebozoa 0.245 
Bacteria Deinococcus-thermus 0.234 
Bacteria Candidate_division_op11 0.182 
Bacteria Chlorobi 0.174 
Eukaryota Euglenozoa 0.135 
Bacteria Candidate_division_tm7 0.131 
Bacteria Elusimicrobia 0.117 
Archaea Euryarchaeota 0.114 
Bacteria Bd1-5 0.083 
Bacteria Tm6 0.073 
Eukaryota Choanoflagellida 0.067 
Eukaryota Centroheliozoa 0.059 
Bacteria Candidate_division_op3 0.054 
Bacteria Chlamydiae 0.044 
Bacteria Lentisphaerae 0.042 
Bacteria Thermotogae 0.040 
Bacteria Spirochaetes 0.035 
Bacteria Candidate_division_brc1 0.023 
Bacteria Fusobacteria 0.021 
Bacteria Npl-upa2 0.018 
Bacteria Wchb1-60 0.018 
Bacteria Kazan-3b-28 0.012 
Bacteria Fibrobacteres 0.010 
Eukaryota Glaucocystophyceae 0.007 
Bacteria Deferribacteres 0.007 
Bacteria Ta06 0.006 
Bacteria Jl-etnp-z39 0.006 
Eukaryota Haptophyceae 0.006 
 
Phylum Relative 
% 
Bacteria Other/unidentified 4.359 
Bacteria Sm2f11 0.721 
Bacteria Candidate_division_ws3 0.654 
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Appendix D-2: Relative abundance of the Proteobacteria Orders in whole community corresponding to Chapter 5 
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Appendix D-3: Composition of the uncultured clades in the Proteobacteria orders in Chapter 5 and their relative abundance (from 
whole microbial community). 
   
 Alphaproteobacteria 
Uncultured 
Abundance % 
Db1-14 0.0102 
Other 1.1530 
Sar11_clade 0.0015 
 
Betaproteobacteria 
Uncultured 
Abundance % 
Other 2.735562 
Sc-i-84 2.12084 
Tra3-20 1.034604 
B1-7bs 0.127134 
Hot_creek_32 0.002436 
 
 Deltaproteobacteria Uncultured Abundance 
% 
43f-1404r 0.0882 
Gr-wp33-30 0.8592 
Order_incertae_sedis 0.0058 
Other 0.1374 
Sh765b-tzt-29 0.1052 
Sva0485 0.0370 
Sar324_clade(marine_group_b) 0.0049 
 
Gammaproteobacteria Uncultured Abundance 
% 
1013-28-cg33 0.0034 
34p16 0.0015 
Ec3 0.0015 
Hoc36 0.0019 
Ki89a_clade 0.0093 
Nkb5 0.0336 
Order_incertae_sedis 0.0010 
Other 0.3692 
Pb1-aai25f07 0.0034 
Aaa34a10 0.0010 
Pyr10d3 0.0058 
Uncultured_marine_bacterium 0.0019 
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Appendix D-4: Relative abundance of microbial groups listed at a taxonomic class level in the microbial community in the Upper 
Isaac Catchment as discussed in Chapter 5. 
Phylum Actinobacteria Abundance 
% 
Thermoleophilia 4.978 
Actinobacteria 3.407 
Acidimicrobiia 1.661 
Mb-a2-108 1.427 
Other uncultured 0.439 
Coriobacteria 0.073 
Takashiac-b11 0.020 
Rubrobacteria 0.019 
Nitriliruptoria 0.008 
Ffch16263 0.005 
 
 
Phylum 
Planctomycetes Abundance % 
Planctomycetacia  4.889 
Phycisphaerae 0.775 
Om190 0.277 
Pla4_lineage 0.106 
Uncultured other 0.075 
Pla3_lineage 0.0307 
Vadinha49 0.026 
Bd7-11 0.013 
 
 
Phylum 
Chloroflexi 
Abundance 
% 
Kd4-96 2.540 
Anaerolineae 2.295 
Caldilineae 0.788 
Chloroflexi 0.644 
Tk10 0.512 
Gitt-gs-136 0.218 
P2-11e 0.206 
Ktedonobacteria 0.204 
Sha-26 0.153 
S085 0.121 
Jg30-kf-cm66 0.119 
Thermomicrobia 0.114 
Jg37-ag-4 0.029 
Sar202_clade 0.028 
Vadinba26 0.027 
Elev-1554 0.0083 
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Appendix D-5: Relative abundance of Archaea classes within the total microbial community.  Bars are colour coded by phylum as 
indicated in the key. Full names of the abbreviated classes have been provided in the table below, along with details on changes made 
to the Archaeal classification (specifically the Phylum Thaumarchaeota) with the use of the SILVA database (Pruesse et al. 2007). 
Changes were applied to the phylogenetic tree in Chapter 5 and carried over in archaea description in Chapter 6. 
 
 
 
 
Phylum: 
 
Thaumarchaeota 
 
Crenarchaeota 
 
Crenarchaeota 
 
 
 
SILVA database 
 
  
New 
Classification Reference 
Phylum Class 
 
Phylum 
 Thaumarchaeota Soil (scg) Soil_crenarchaeotic 
_group(scg) 
Thaumarchaeota (Brochier-Armanet et al. 2008, 
Brochier-Armanet et al. 2008, 
Spang et al. 2010, Pester et al. 
2011, Spang et al. 2012) 
Crenarchaeota SAGM cg 1 South_african_gold 
_mine_gp_1(sagmcg-1) 
  
Crenarchaeota Cren Uncultured Uncultured other   
Crenarchaeota Marine group i Marine group i   
Euryarchaeota Methanomicrobia Methanomicrobia   
Euryarchaeota Thermoplasmata Thermoplasmata   
Euryarchaeota Halobacteria Halobacteria   
Euryarchaeota Methanobacteria Methanobacteria   
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Appendix E. for Chapter 6 
 
 
Appendix E-1: Rarefaction plots plotted by site (6 samples, collected at each site, with the exception of dam and discharge points, 
where a minimum of 3 samples per site were collected) A) observed species (as number of OTU’s) at a sequence similarity level of 
97%. B) Chao1 Diversity, an estimate of species richness C) Shannon Diversity. 
A 
 
 
B 
 
 
C 
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Appendix E-2: 16S rRNA pyrosequencing of microbial communities between October (orange) and January samples (black). 
Columns show the same data plotted using different ordination methods:  Multidimensional Scaling Plots (MDS) (used in thesis) and 
Principal Coordinate Plots (PCoA). Rows present different matrices applied: A) Bray Curtis, B) Unifrac Unweighted and C) Unifrac 
weighted (taking abundance into consideration).  
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Appendix E-3: Draftsman plots of all continuous environmental variables recorded (not transformed). 
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Appendix E-4: Draftsman plots of all continuous environmental variables recorded transformed. Details of transformations applied. 
 
 238 
 
Appendix E-5: DistLM/dbRDA analysis using the AIC Best model on all sequenced samples using the above environmental 
variables (variables with missing values were excluded and all variables were transformed).  
Variable SS(trace) Pseudo-F      P     Prop. 
Date 24349 6.0067 0.0001 3.49E-02 
Tributary 22915 5.6409 0.0001 3.29E-02 
Depth 17658 4.3132 0.0001 2.53E-02 
Detritus 20637 5.063 0.0001 2.96E-02 
Substrate Type 15388 3.7461 0.0001 2.21E-02 
Sediment Size 7033.4 1.6915 0.0013 1.01E-02 
Coal % 6970.8 1.6763 0.0005 1.00E-02 
Stream Veg 7360.4 1.771 0.0006 1.06E-02 
C ( %) 10947 2.6478 0.0001 1.57E-02 
N ( %) 8221.3 1.9806 0.0001 1.18E-02 
C:N 11096 2.6845 0.0001 1.59E-02 
Total SS(trace): 6.9726E5 
    
 
OVERALL BEST SOLUTIONS 
 
 
AIC R^2 RSS No.Vars 
 
1391.8 0.17247 5.7701E5 11 
  
 
Appendix E-6: DistLM/dbRDA analysis using the AIC Best model on all sequenced samples which had water available at 
the sites, using the above environmental variables (variables with missing values were excluded and all variables were 
transformed).  
Variable SS(trace) Pseudo-F      P     Prop. 
Date* 13113 3.2158 0.0001 2.57E-02 
Tributary* 20915 5.2108 0.0001 4.10E-02 
Depth* 11639 2.8459 0.0001 2.28E-02 
Detritus* 16400 4.0486 0.0001 3.21E-02 
substrate_type* 8694 2.1133 0.0001 1.70E-02 
Size* 6765.6 1.6383 0.0026 1.33E-02 
Coal* 7044.5 1.7067 0.0012 1.38E-02 
Stream_veg* 6394 1.5471 0.0048 1.25E-02 
C* 9986.7 2.4338 0.0001 1.96E-02 
N* 6477.8 1.5677 0.0041 1.27E-02 
C:N* 9457.4 2.3024 0.0001 1.85E-02 
pH* 18835 4.6727 0.0001 3.69E-02 
EC* 11018 2.6907 0.0001 2.16E-02 
NH4* 8744.1 2.1257 0.0001 1.71E-02 
NO2* 5980.2 1.4458 0.0096 1.17E-02 
NO3* 6387.9 1.5456 0.0048 1.25E-02 
Total SS(trace): 5.106E5 
    
OVERALL BEST SOLUTIONS 
 
 
AIC R^2 RSS No.Vars 
 
1028.2 0.26338 3.7612E5 16 
 *indicate the ‘BEST’ 16 variables 
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Appendix E-7: Global statistics and selected pair wise comparisons of microbial community structure between habitat types. 
Both ANOSIM and PERMANOVA test statistics have been provided, 9999 permutations were carried out for all statistics. 
Group Pairwise comparisons ANOSIM PERMANOVA 
  r p Pseudo-F p 
No flow/Flow  0.33 0.001 9.77 0.0001 
Habitats Global statistics  0.41 0.001   
 Habitat 1 and 2 0.48 0.001 1.98 0.0001 
 Habitat 3 and 4 0.35 0.001 3.92 0.0001 
 Habitat 5 and other 
habitats 
<0.1 >0.05 <1.22 >0.11 
 Habitat 6 and 7 0.56 0.003 1.71 0.002 
 Habitat 3,4 ,6,7 >0.5 <0.002   
Sub-Habitats Global 
statistics 
 0.33 >0.002   
 Habitat 1a and 1b 1.0 0.005 1.61 0.0042 
 Habitat 2a and 2b 0.08 0.011 1.46 0.0016 
 Habitat 4a and 4b 0.37 0.004 1.84 0.0004 
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Appendix E-8: A) MDS plot of microbial communities in sediments from Upper Isaac Catchment using Bray Curtis 
similarity. The symbols are plotted by A) Habitat, as defined in Chapter 3 by flow type and detritus levels and B) the same 
plot is colour coded by Upstream (green), Discharge points (red) and downstream (blue). C) CAP analysis on microbial 
communities constrained by Habitats with environmental variables as a vector overlay of spearman correlation, showing the 
canonical axis 1 and 2 complementing the CAP plot in Figure 6.4A. 
A  B 
 
 
 
C   
 
 
 
 Habitat 1 
 Habitat 2 
 Habitat 3 
 Habitat 4 
 Habitat 5 
 Habitat 6 
 Habitat 7 
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Appendix E-9: Diagnostics for CAP analysis using all samples from Appendix?. Choosing m: m ( # PCO axis) = 69.  A) 
Proportion of tr(G): The proportion of variation that is explained by the first PCO axis.  m = 69, which explains 92% of the 
variation. B) Squared canonical correlation: There is no large improvement in canonical correlation after including more 
than m = 69 axis. C) ssres: leave one out residual sum of squares is minimal at m = 69 and there is no great reduction value 
beyond. D) % correct: allocation success maximised at m = 69. Cross validation: 88.69% of samples were allocated to the 
correct group (constrained by habitat) using CAP (149/168 samples). Permutation test: Pillar’s trace statistic: 2.0311 P = 
0.0001, δ1
2 = 0.78, P = 0.0001. # permutations: 9999. 
A 
 
B 
 
C 
 
D 
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Appendix E-10: Diagnostics for CAP analysis using samples where water was available from Appendix?. Choosing m: m ( # 
PCO axis)  = 65. A) Proportion of tr(G): The proportion of variation that is explained by the first PCO axis.  m = 65, which 
explains 96% of the variation. B) Squared canonical correlation: There is no large improvement in canonical correlation after 
including more than m = 65 axis. C) ssres: leave one out residual sum of squares is minimal at m = 65 and there is no great 
reduction value beyond. D) %correct: allocation success maximised at m = 65. Cross validation: 91.89% of samples were 
allocated to the correct group (constrained by habitat) using CAP (102/111 samples). Permutation test: Pillar’s trace statistic: 
4.4537 P = 0.0001, δ1
2 = 0.97, P = 0.0097. # permutations: 9999. 
A 
 
B 
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Appendix E-11: Mean OTU number as richness index plotted by Habitat type using 16S rRNA pyrosequencing. Error bars 
are SE. 
A Habitats: OTU number 
 
 
 
 
 
Appendix E-12: A) MDS plot using Bray Curtis similarity. Both MDS plots are the same plots, where symbols are colour 
coded by Habitat in the left plot and by depth in the right plot.  B)  Displays the mean Shannon diversity by depth with 
season. Error bars are SE. 
 
January (wet season/after discharge) 
A 
  
B 
 
 Surface  Habitat 1 
 Mid  Habitat 2 
 Deep  Habitat 3 
   Habitat 4 
   Habitat 5 
   Habitat 6 
   Habitat 7 
 
Appendix E-13: SIMPER analysis on microbial groups between dry and wet stream beds at a Class level 
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Groups No Flow and Flow 
    
Average dissimilarity = 41.56 
    
 
Group 
Flow 
Group No 
Flow 
    
Class Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Bacteria Actinobacteria Thermoleophilia 0.18 0.29 1 1.43 2.4 2.4 
Bacteria Proteobacteria Deltaproteobacteria 0.17 0.27 0.97 1.59 2.33 4.73 
Bacteria Actinobacteria Actinobacteria 0.15 0.24 0.93 1.37 2.23 6.96 
Bacteria Nitrospirae Nitrospira 0.09 0.19 0.92 1.6 2.21 9.17 
Bacteria Acidobacteria Acidobacteria 0.27 0.34 0.87 1.29 2.09 11.26 
Bacteria Firmicutes Bacilli 0.07 0.16 0.86 1.57 2.07 13.33 
Eukaryota Other Other 0.13 0.04 0.85 0.91 2.05 15.38 
Bacteria Proteobacteria Alphaproteobacteria 0.35 0.28 0.84 1.34 2.03 17.4 
Eukaryota Viridiplantae  Chlorophyta 0.1 0.01 0.82 1.03 1.96 19.37 
Bacteria Proteobacteria Betaproteobacteria 0.34 0.27 0.78 1.18 1.88 21.25 
Bacteria Planctomycetes Planctomycetacia  0.22 0.16 0.76 1.19 1.82 23.07 
Eukaryota Metazoa Gastrotricha 0.08 0.01 0.68 0.69 1.64 24.7 
Bacteria Chloroflexi Anaerolineae 0.13 0.15 0.61 1.14 1.47 26.18 
Bacteria Actinobacteria Mb-a2-108 0.09 0.15 0.61 1.4 1.47 27.64 
Bacteria Bacteroidetes Sphingobacteriia 0.13 0.06 0.61 1.57 1.46 29.1 
Eukaryota Alveolata Ciliophora 0.08 0.03 0.53 1.03 1.29 30.39 
Bacteria Proteobacteria Gammaproteobacteria 0.15 0.13 0.53 1.22 1.27 31.67 
Bacteria Gemmatimonadetes 
Gemmatimonadetes 0.13 0.17 0.53 1.24 1.27 32.94 
Bacteria Chloroflexi Gitt-gs-136 0.02 0.07 0.51 1.27 1.23 34.17 
Bacteria Chloroflexi Kd4-96 0.14 0.18 0.49 1.2 1.17 35.33 
Bacteria Chloroflexi P2-11e 0.02 0.07 0.47 1.74 1.13 36.46 
Bacteria Sm2f11 Uncultured_bacterium 0.06 0.03 0.47 0.92 1.13 37.59 
Archaea Crenarchaeota 
Soil_crenarchaeotic_group(scg) 0.06 0.03 0.47 0.99 1.12 38.71 
Eukaryota Viridiplantae  Streptophyta 0.01 0.05 0.46 0.48 1.12 39.83 
Bacteria Chloroflexi Tk10 0.05 0.1 0.46 1.36 1.11 40.94 
Bacteria Cyanobacteria Chloroplast 0.06 0.02 0.45 0.85 1.09 42.02 
Bacteria Actinobacteria Acidimicrobiia 0.11 0.14 0.44 1.25 1.06 43.08 
Bacteria Acidobacteria Holophagae 0.04 0.08 0.42 1.5 1.01 44.09 
Bacteria Chloroflexi Chloroflexi 0.06 0.1 0.42 1.33 1 45.09 
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Appendix E-14: SIMPER analysis on microbial groups between Habitat 1 and 2 at a Class 
level 
 
Groups 2  &  1 
     Average dissimilarity = 28.11 
    
 
Group 2 Group 1 
    Class Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Bacteria Proteobacteria Gammaproteobacteria 0.11 0.18 0.64 1.47 2.29 2.29 
Bacteria Actinobacteria Thermoleophilia 0.3 0.26 0.64 1.33 2.28 4.56 
Bacteria Actinobacteria Actinobacteria 0.25 0.22 0.63 1.25 2.24 6.81 
Bacteria Proteobacteria Alphaproteobacteria 0.27 0.3 0.58 1.36 2.07 8.88 
Bacteria Firmicutes Bacilli 0.15 0.16 0.54 1.31 1.91 10.79 
Eukaryota Viridiplantae  Streptophyta 0.06 0.01 0.53 0.56 1.88 12.67 
Bacteria Nitrospirae Nitrospira 0.2 0.18 0.52 1.48 1.86 14.53 
Bacteria Planctomycetes Planctomycetacia  0.14 0.2 0.51 1.23 1.81 16.34 
Bacteria Proteobacteria Betaproteobacteria 0.27 0.29 0.47 1.38 1.66 17.99 
Bacteria Chloroflexi Anaerolineae 0.14 0.17 0.44 1.23 1.57 19.56 
Bacteria Actinobacteria Mb-a2-108 0.14 0.17 0.4 1.12 1.44 21 
Bacteria Acidobacteria Acidobacteria 0.34 0.34 0.4 1.09 1.43 22.43 
Bacteria Actinobacteria Acidimicrobiia 0.13 0.17 0.4 1.46 1.42 23.85 
Bacteria Chloroflexi S085 0.03 0.08 0.39 1.62 1.4 25.25 
Bacteria Chloroflexi Ktedonobacteria 0.05 0.01 0.39 1.32 1.38 26.63 
Bacteria Acidobacteria Rb25 0.04 0.06 0.37 1.57 1.31 27.94 
Bacteria Chloroflexi Gitt-gs-136 0.07 0.08 0.34 1.06 1.19 29.13 
Bacteria Verrucomicrobia Opb35_soil_group 0.07 0.05 0.31 1.3 1.11 30.24 
Bacteria Chloroflexi P2-11e 0.06 0.1 0.3 1.26 1.08 31.33 
Bacteria Chloroflexi Other 0.08 0.11 0.3 1.12 1.08 32.4 
Bacteria Gemmatimonadetes Gemmatimonadetes 0.16 0.18 0.3 0.84 1.07 33.47 
Bacteria Chloroflexi Kd4-96 0.17 0.19 0.3 1.21 1.05 34.52 
Bacteria Chloroflexi Thermomicrobia 0.03 0.05 0.29 1.2 1.05 35.57 
Bacteria Proteobacteria Deltaproteobacteria 0.27 0.25 0.29 1.44 1.04 36.61 
Bacteria Chloroflexi Chloroflexi 0.1 0.1 0.29 1.33 1.04 37.66 
Bacteria Verrucomicrobia Spartobacteria 0.05 0.02 0.29 1.27 1.04 38.69 
Eukaryota Fungi Dikarya 0.03 0.01 0.28 0.99 1 39.69 
Bacteria Firmicutes Clostridia 0.05 0.04 0.28 0.95 0.99 40.69 
Bacteria Bacteroidetes Cytophagia 0.02 0.05 0.28 1.54 0.98 41.67 
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Appendix E-15: SIMPER analysis on microbial groups between Habitat 3 and 4 at a Class 
level 
 
Groups 4  &  3 
     Average dissimilarity = 42.08 
    
 
Group 4 Group 3 
    Class Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Eukaryota Metazoa Gastrotricha 0.15 0.04 1.25 0.99 2.97 2.97 
Eukaryota Other Other 0.16 0.1 1.13 1.01 2.69 5.66 
Eukaryota Viridiplantae  Chlorophyta 0.11 0.1 0.96 1.18 2.28 7.95 
Bacteria Acidobacteria Acidobacteria 0.24 0.31 0.91 1.31 2.17 10.12 
Bacteria Proteobacteria Alphaproteobacteria 0.34 0.35 0.83 1.23 1.98 12.1 
Bacteria Planctomycetes Planctomycetacia  0.2 0.25 0.83 1.17 1.96 14.06 
Bacteria Proteobacteria Betaproteobacteria 0.38 0.32 0.82 1.14 1.94 16 
Bacteria Proteobacteria Deltaproteobacteria 0.13 0.18 0.77 1.34 1.83 17.83 
Bacteria Chloroflexi Anaerolineae 0.1 0.15 0.68 1 1.61 19.45 
Eukaryota Alveolata Ciliophora 0.09 0.07 0.67 1.12 1.59 21.03 
Bacteria Sm2f11 Uncultured bacterium 0.05 0.08 0.65 1.09 1.55 22.58 
Bacteria Actinobacteria Actinobacteria 0.17 0.12 0.65 1.35 1.54 24.12 
Bacteria Actinobacteria Thermoleophilia 0.21 0.19 0.62 1.17 1.47 25.59 
Archaea Crenarchaeota 
Soil_crenarchaeotic_group(scg) 0.06 0.06 0.62 1.23 1.47 27.06 
Bacteria Proteobacteria Gammaproteobacteria 0.12 0.16 0.59 1.25 1.41 28.46 
Bacteria Other Other 0.2 0.22 0.58 1.24 1.37 29.84 
Bacteria Gemmatimonadetes Gemmatimonadetes 0.11 0.15 0.57 1.32 1.36 31.19 
Eukaryota Rhizaria Cercozoa 0.08 0.05 0.56 1.33 1.34 32.53 
Bacteria Nitrospirae Nitrospira 0.07 0.11 0.51 1.25 1.2 33.73 
Eukaryota Metazoa Platyhelminthes 0.06 0.02 0.51 0.83 1.2 34.93 
Bacteria Cyanobacteria Chloroplast 0.05 0.04 0.5 0.76 1.19 36.12 
Bacteria Bacteroidetes Sphingobacteriia 0.12 0.14 0.5 1.15 1.18 37.31 
Eukaryota Fungi Dikarya 0.06 0.03 0.5 1.09 1.18 38.48 
Bacteria Actinobacteria Mb-a2-108 0.08 0.11 0.48 1.35 1.15 39.63 
Bacteria Actinobacteria Acidimicrobiia 0.1 0.12 0.48 1.09 1.14 40.78 
Bacteria Chloroflexi Kd4-96 0.16 0.15 0.47 1.17 1.12 41.89 
Bacteria Firmicutes Bacilli 0.05 0.06 0.46 1.03 1.09 42.98 
Bacteria Cyanobacteria Subsectioni 0.03 0.05 0.45 1.05 1.08 44.06 
Eukaryota Metazoa Other 0.04 0.02 0.45 0.53 1.06 45.12 
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Appendix E-16: SIMPER analysis on microbial groups between Habitat 3/ 4 and 5 at a Class 
level 
 
Groups 3/4  &  5 
     Average dissimilarity = 38.26 
    
 
Group 34 Group seep 
    Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Eukaryota Metazoa Nematoda 0.01 0.15 1.2 1.21 3.14 3.14 
Eukaryota Other Other 0.12 0.09 0.92 1.08 2.41 5.55 
Bacteria Proteobacteria Alphaproteobacteria 0.34 0.38 0.89 1.34 2.33 7.88 
Bacteria Proteobacteria Deltaproteobacteria 0.15 0.24 0.88 1.5 2.31 10.19 
Eukaryota Viridiplantae  Chlorophyta 0.11 0.11 0.8 1.33 2.09 12.28 
Eukaryota Metazoa Gastrotricha 0.09 0.02 0.7 0.74 1.83 14.11 
Bacteria Planctomycetes Planctomycetacia  0.23 0.16 0.68 1.26 1.79 15.89 
Bacteria Acidobacteria Acidobacteria 0.28 0.3 0.63 1.28 1.64 17.53 
Eukaryota Alveolata Ciliophora 0.08 0.12 0.63 1.5 1.64 19.17 
Bacteria Nitrospirae Nitrospira 0.09 0.15 0.62 1.35 1.62 20.79 
Bacteria Chloroflexi Anaerolineae 0.13 0.17 0.61 1.3 1.6 22.39 
Bacteria Firmicutes Bacilli 0.05 0.12 0.6 1.49 1.58 23.96 
Bacteria Proteobacteria Betaproteobacteria 0.35 0.29 0.6 1.1 1.56 25.52 
Bacteria Cyanobacteria Chloroplast 0.04 0.09 0.59 1.21 1.53 27.05 
Bacteria Actinobacteria Actinobacteria 0.14 0.18 0.53 1.52 1.39 28.44 
Bacteria Cyanobacteria Subsectioniii 0.02 0.07 0.5 1.96 1.3 29.75 
Bacteria Actinobacteria Mb-a2-108 0.1 0.13 0.47 1.33 1.23 30.97 
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Appendix E-17: SIMPER analysis on microbial groups between Habitat 6 and 7 at a Class 
level 
 
Groups 7  &  6 
     Average dissimilarity = 53.56 
    
 
Group 7 Group 6 
    Class Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Bacteria Proteobacteria Betaproteobacteria 0.35 0.28 1.52 1.61 2.85 2.85 
Bacteria Verrucomicrobia Verrucomicrobiae 0.16 0.12 1.44 1.47 2.69 5.54 
Bacteria Proteobacteria Deltaproteobacteria 0.15 0.3 1.39 1.28 2.6 8.14 
Eukaryota Other Other 0.14 0.17 1.39 1.58 2.59 10.73 
Eukaryota Stramenopiles Bacillariophyta 0.13 0.06 1.31 0.89 2.45 13.19 
Eukaryota Environmental samples Uncultured eukaryote 0.14 0.05 1.24 1.14 2.32 15.51 
Eukaryota Fungi Environmental samples 0.09 0.09 1.14 1.43 2.13 17.64 
Bacteria Chloroflexi Anaerolineae 0.12 0.17 1.12 1.27 2.08 19.72 
Bacteria Planctomycetes Planctomycetacia  0.23 0.13 1 1.81 1.86 21.58 
Bacteria Candidate_division_od1 Uncultured bacterium 0.11 0 0.98 0.9 1.83 23.41 
Bacteria Proteobacteria Alphaproteobacteria 0.3 0.39 0.97 1.56 1.8 25.21 
Eukaryota Amoebozoa Flabellinea 0.11 0 0.95 0.71 1.78 26.99 
Eukaryota Viridiplantae  Chlorophyta 0.07 0.1 0.93 1.91 1.73 28.72 
Bacteria Chloroflexi Kd4-96 0.01 0.11 0.91 2.39 1.7 30.42 
Bacteria Actinobacteria Actinobacteria 0.12 0.2 0.91 1.57 1.69 32.12 
Bacteria Firmicutes Clostridia 0.04 0.11 0.87 1.57 1.62 33.74 
Bacteria Acidobacteria Holophagae 0 0.1 0.86 2.1 1.6 35.34 
Bacteria Firmicutes Bacilli 0.15 0.11 0.86 1.57 1.6 36.94 
Bacteria Bacteroidetes Sphingobacteriia 0.05 0.11 0.84 1.82 1.58 38.51 
Eukaryota Metazoa Nematoda 0.04 0.09 0.84 1.07 1.57 40.08 
Bacteria Acidobacteria Acidobacteria 0.12 0.19 0.8 1.64 1.49 41.57 
Bacteria Cyanobacteria Chloroplast 0.09 0.13 0.75 1.65 1.4 42.97 
Bacteria Gemmatimonadetes Gemmatimonadetes 0.04 0.11 0.7 1.74 1.31 44.28 
Bacteria Chloroflexi Caldilineae 0.12 0.09 0.69 1.65 1.3 45.58 
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Appendix E-18: SIMPER analysis on microbial groups between depths in samples from the wet season January 2011 at a 
Class level 
Groups surface  &  deep 
    Average dissimilarity = 42.90 
    
 
Group surface Group deep 
    Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Eukaryota Other Other 0.17 0.06 1.19 1.04 2.77 2.77 
Eukaryota Metazoa Gastrotricha 0.12 0.04 1.02 0.89 2.38 5.15 
Eukaryota Viridiplantae  Chlorophyta 0.14 0.06 1.02 1.24 2.37 7.52 
Bacteria Acidobacteria Acidobacteria 0.24 0.31 0.96 1.34 2.23 9.75 
Bacteria Proteobacteria Alphaproteobacteria 0.37 0.32 0.86 1.29 2.02 11.76 
Bacteria Proteobacteria Betaproteobacteria 0.32 0.36 0.83 1.14 1.93 13.69 
Bacteria Proteobacteria Deltaproteobacteria 0.16 0.18 0.83 1.22 1.92 15.61 
Bacteria Planctomycetes Planctomycetacia  0.21 0.23 0.82 1.24 1.92 17.53 
Bacteria Chloroflexi Anaerolineae 0.11 0.15 0.74 1.03 1.72 19.25 
Bacteria Actinobacteria Thermoleophilia 0.16 0.21 0.71 1.25 1.66 20.91 
Eukaryota Alveolata Ciliophora 0.09 0.06 0.67 1.11 1.56 22.47 
Bacteria Sm2f11 Uncultured bacterium 0.05 0.07 0.64 1.08 1.49 23.95 
Bacteria Actinobacteria Actinobacteria 0.14 0.15 0.63 1.25 1.46 25.41 
Archaea Crenarchaeota Soil_crenarchaeotic_group(scg) 0.05 0.07 0.62 1.09 1.44 26.86 
Bacteria Cyanobacteria Chloroplast 0.08 0.03 0.61 0.98 1.43 28.28 
Bacteria Gemmatimonadetes Gemmatimonadetes 0.11 0.15 0.59 1.29 1.38 29.66 
Bacteria Proteobacteria Gammaproteobacteria 0.15 0.14 0.55 1.23 1.29 30.95 
Bacteria Other Other 0.2 0.21 0.55 1.2 1.27 32.23 
Bacteria Nitrospirae Nitrospira 0.08 0.11 0.53 1.25 1.23 33.46 
Eukaryota Rhizaria Cercozoa 0.06 0.06 0.53 1.27 1.22 34.68 
Bacteria Actinobacteria Mb-a2-108 0.08 0.11 0.52 1.4 1.21 35.9 
Bacteria Chloroflexi Kd4-96 0.13 0.15 0.52 1.16 1.21 37.11 
Bacteria Bacteroidetes Sphingobacteriia 0.13 0.13 0.52 1.18 1.21 38.32 
Bacteria Firmicutes Bacilli 0.06 0.07 0.51 1.04 1.19 39.51 
Eukaryota Metazoa Other 0.04 0.02 0.47 0.57 1.11 40.61 
Bacteria Actinobacteria Acidimicrobiia 0.11 0.12 0.47 1.11 1.09 41.7 
Bacteria Cyanobacteria Subsectioni 0.06 0.02 0.46 1.09 1.08 42.78 
Eukaryota Metazoa Platyhelminthes 0.05 0.01 0.45 0.81 1.05 43.83 
Bacteria Verrucomicrobia Verrucomicrobiae 0.05 0.03 0.45 0.77 1.04 44.87 
Eukaryota Stramenopiles Bacillariophyta 0.05 0.01 0.43 0.59 1 45.88 
Bacteria Chloroflexi Caldilineae 0.07 0.08 0.43 1.03 1 46.88 
Eukaryota Fungi Dikarya 0.04 0.03 0.41 0.94 0.96 47.84 
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Appendix F. for Chapter 7 
 
 
Appendix F-1: Cluster analysis using Bray Curtis similarity with SIMPROF test used to indicate significant difference 
between samples and habitats used in the conceptual model using a) all T-RFLP samples and b) all pyrosequence samples. 
a 
 
b 
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Appendix F-2: T-RFLP Bacteria:  A) Dendogram on Bray Curtis cluster analysis using SIMPROF test, where black lines 
indicate significant difference and red lines no statistical evidence of substructure. Statistically different groups indicated by 
Groups a – e. B) Shows SIMPROF test outcomes with significant differences indicated in red. C) Shepard diagram of the 
distances in the MDS plot against the dissimilarities (δ) in the Bray Curtis matrix. The line is the fitted non parametric regression 
(stress = 0.097), a measure of scatter about the line. 
A 
 
b Parameters 
Transform: Square root 
Resemblance measure: Bray Curtis similarity 
Cluster mode: Group average 
 
Simprof Parameters 
Simulation permutations: 999 
Significance level: 5% 
 
Combining 
72.82%; Pi: 2.32 Sig(%): 9.4 
67.63%; Pi: 2.39 Sig(%): 27.5 
66.86%; Pi: 2.85 Sig(%): 2.7 
61.57%; Pi: 3.04 Sig(%): 0.7 
61.45%; Pi: 1.1 Sig(%): 90.8 
40.57%; Pi: 5.9 Sig(%): 0.1 
 
Global Test 
Sample statistic (Pi): 5.887 
Significance level of sample statistic: 0.1% 
Number of permutations: 999 (Random sample) 
Number of permuted statistics greater than or equal to Pi: 0 
c 
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Appendix F-3: T-RFLP Archaea:  A) Dendogram on Bray Curtis cluster analysis using SIMPROF test, where black lines 
indicate significant difference and red lines no statistical evidence of substructure. Statistically different groups indicated by 
Groups a – f. B) Shows SIMPROF test outcomes with significant differences indicated in red. C) Shepard diagram of the 
distances in the MDS plot against the dissimilarities (δ) in the Bray Curtis matrix. The line is the fitted non parametric regression 
(stress = 0.113), a measure of scatter about the line. 
 
A 
 
B Parameters 
Transform: Square root 
Resemblance measure: Bray Curtis similarity 
Cluster mode: Group average 
 
Simprof Parameters 
Simulation permutations: 999 
Significance level: 5% 
 
Combining 
74.08%; Pi: 2.64 Sig(%): 6.7 
73.24%; Pi: 2.43 Sig(%): 5.4 
71.96%; Pi: 0.71 Sig(%): 84.8 
69.06%; Pi: 3.71 Sig(%): 0.1 
67.59%; Pi: 0 Sig(%): 100 
61.99%; Pi: 4.12 Sig(%): 0.1 
60.28%; Pi: 1.96 Sig(%): 26.5 
57.52%; Pi: 3.17 Sig(%): 0.1 
55.29%; Pi: 0 Sig(%): 20.5 
53.35%; Pi: 4.26 Sig(%): 0.1 
51.37%; Pi: 2.73 Sig(%): 0.1 
41.25%; Pi: 5.06 Sig(%): 0.1 
 
Global Test 
Sample statistic (Pi): 3.67 
Significance level of sample statistic: 0.3% 
Number of permutations: 999 (Random sample) 
Number of permuted statistics greater than or equal to Pi: 2 
 
  
 253 
 
Appendix F-4: Pyro Eukaryota: A) Dendogram on Bray Curtis cluster analysis using SIMPROF test, where black lines indicate 
significant difference and red lines no statistical evidence of substructure. Statistically different groups indicated by Groups a, b1 
and b2. B) Shows SIMPROF test outcomes with significant differences indicated in red. C) 2-dimerntional MDS with 
superimposed clusters Bray cutis cluster and SIMPROF  at similarity levels of 27% and 56% D) Shepard diagram of the 
distances in the MDS plot against the dissimilarities (δ) in the Bray Curtis matrix. The line is the fitted non parametric regression 
(stress = 0.044), a measure of scatter about the line. 
 
A 
 
B Parameters 
Transform: Square root 
Resemblance measure: Bray Curtis 
similarity 
Cluster mode: Group average 
 
Global Test 
Sample statistic (Pi): 9.041 
Significance level of sample statistic: 0.1% 
Number of permutations: 999 (Random 
sample) 
Number of permuted statistics greater than 
or equal to Pi: 0 
 
Combining 
26.87%; Pi: 9.01 Sig(%): 0.1 
40.97%; Pi: 3.4 Sig(%): 28.8 
40.97%; Pi: 3.4 Sig(%): 28.8 
55.54%; Pi: 3.36 Sig(%): 0.1 
64.3%; Pi: 3.13 Sig(%): 5 
65.54%; Pi: 2.43 Sig(%): 7.4 
C 
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Appendix F-5: Pyro Eukaryota: A) 2-dimerntional MDS with superimposed clusters Bray Curtis cluster and SIMPROF at similarity levels of 27% and 56% B) LINKTREE Graph which uses a non-
metric modification of the Multivariate Regression Tree (MRT) on Bray Curtis Similarity and SIMPROF test. C) LINKTREE test statics for Graph B. 
 
A 
 
B 
 
C 
LINKTREE on Bray Curtis Similarity and SIMPROF test. 
 Differences between A (samples 4-7 (Group a)) and B 
π: 9.02 Sig(%): 0.1 
R: 0.98 B%: 99.3 
Alveolata Other<0(>0.123) 
Stramenopiles Bacillariophyta<9.74E-2(>0.666) 
Fungi Other<0.191(>0.548) 
Metazoa Arthropoda<0(>0.354) 
Fungi Chytridiomycota<0(>0.123) 
Alveolata Apicomplexa<0(>0.22) 
Metazoa Gastrotricha<0.279(>0.505) 
Rhizaria Cercozoa<0.312(>0.368) 
Stramenopiles Other<0.191(>0.201) 
Alveolata Ciliophora<0.54(>0.568) 
Viridiplantae  Chlorophyta<0.269(>0.274) 
Differences between B,  samples 8-10 (Group b2) and 1-3 (Group b1) 
Pi: 3.34 Sig(%): 0.1 
R: 0.81 B%: 31.5 
Metazoa Other<0.123(>1.37) 
Viridiplantae  Streptophyta<0.134(>0.439) 
Uncultured opisthokont<0.124(>0.311) 
Rhizaria Cercozoa<0.632(>1.01) 
Metazoa Rotifera<0.251(>0.376) 
Rhizaria  Other<9.47E-2(>0.142) 
Viridiplantae  Chlorophyta<0.621(>0.696) 
Stramenopiles Other>0.3(<0.281) 
 
Group A 
Group B 
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Appendix F-6: Pyro Eukaryota:  SIMPER One-Way Analysis, testing contribution of taxa to the separation between Groups b1 and 
b2 corresponding to Appendix 10.1 (Average Bray Curtis dissimilarity = 44.46). The breakdown includes; square root transformed 
average abundance of groups b1 and b2 indicate an increase or decrease in taxa abundance in columns 1 and 2. Column 3 and 4 
display the average dissimilarity and standard deviation. Column 5 shows the contribution of taxa to total dissimilarity of 44.46, 
where percentages are cumulated in Column 6 until the cut-off percent of 90% is reached. 
 
1 2 3 4 5 6 
 
Group 
B1 
S1 S 
Group 
B2 
MC 
    
Taxa 
Av.Abun
d 
Av.Abun
d 
Av.Diss 
(δb1,b2) 
Diss/SD 
Contrib
% 
Cum.% 
Metazoa Other 2.19 0.04 7.91 2.72 17.8 17.8 
Rhizaria Cercozoa 1.6 0.54 4.11 1.38 9.25 27.05 
Metazoa Annelida 0.86 0.13 2.84 1.14 6.4 33.45 
Stramenopiles Oomycetes 0.95 0.33 2.42 1.31 5.45 38.9 
Metazoa Gastrotricha 1.1 0.81 2.38 0.99 5.36 44.26 
Viridiplantae  Streptophyta 0.61 0.04 2.13 3.43 4.78 49.04 
Alveolata Apicomplexa 0.8 0.39 2.07 0.98 4.66 53.71 
Metazoa Nematoda 0.21 0.63 2.07 1.62 4.65 58.36 
Alveolata Ciliophora 1.26 1.01 1.95 1.58 4.38 62.74 
Metazoa Arthropoda 0.58 1.04 1.8 1.83 4.05 66.78 
Metazoa Rotifera 0.61 0.2 1.56 2.16 3.5 70.28 
Viridiplantae  Chlorophyta 0.8 0.42 1.47 1.83 3.3 73.58 
Uncultured Opisthokont 0.39 0.04 1.31 2.57 2.94 76.52 
Fungi Other 1.08 0.81 1.27 1.25 2.85 79.37 
Stramenopiles 
Bacillariophyta 0.87 1.05 1.21 1.24 2.72 82.1 
Metazoa Platyhelminthes 0.33 0.15 1.02 1.55 2.29 84.39 
Euglenozoa Euglenida 0.33 0.59 1.01 1.51 2.27 86.66 
Rhizaria  Other 0.22 0.03 0.69 2.16 1.55 88.21 
Fungi Dikarya 0.42 0.4 0.62 1.48 1.4 89.61 
Choanoflagellida 0.18 0.1 0.55 1.41 1.23 90.84 
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Appendix F-7: Pyro Bacteria: A) Dendogram on Bray Curtis cluster analysis using SIMPROF test, where black lines indicate 
significant difference and red lines no statistical evidence of substructure. Statistically different groups indicated by Groups a, b1 and 
b2. B) Shows SIMPROF test outcomes with significant differences indicated in red. C) 2-dimerntional MDS. D) Shepard diagram of 
the distances in the MDS plot against the dissimilarities (δ) in the Bray Curtis matrix. The line is the fitted non parametric regression 
(stress = 0.001), a measure of scatter about the line. 
 
A 
 
B 
Parameters 
Transform: Square root 
Resemblance measure: Bray Curtis 
similarity 
Cluster mode: Group average 
 
Global Test 
Sample statistic (Pi): 2.927 
Significance level of sample statistic: 0.1% 
Number of permutations: 999 (Random 
sample) 
Number of permuted statistics greater than 
or equal to Pi: 0 
 
Combining 
92.96%; Pi: 0 Sig(%): 100 
92.00%; Pi: 0.27 Sig(%): 71.9 
91.21%; Pi: 0.36 Sig(%): 55.3 
89.76%; Pi: 1.37 Sig(%): 0.3 
80.91%; Pi: 3.79 Sig(%): 0.1 
79.81%; Pi: 2.92 Sig(%): 0.1 
C 
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Appendix F-8: Pyro Bacteria: A) PCO with superimposed clusters Bray Curtis cluster and SIMPROF at similarity levels of 81%, where the sample numbers correspond to numbers in LINKTREE. PCO 
was used rather than the MDS for graphical differentiation between samples in the bacterial data set. Results remain the same. B) LINKTREE on ALL samples Graph which uses a non-metric 
modification of the Multivariate Regression Tree (MRT)  on Bray Curtis Similarity and SIMPROF test. C) LINKTREE test statics for Graph B. 
 
A 
 
B 
 
C 
LINKTREE on Bray Curtis Similarity and SIMPROF test. – not using this so can delete! This is because not matching cluster groups!!!! 
 Differences between A (samples 1-3 (Group B1)) and A/B2 
π: 2.92 Sig(%): 0.1 
R: 0.61  B%: 86.5 
Cyanobacteria   Other>1.82(<0.462) 
Acidobacteria   Other<1.75(>2.25) 
Chloroflexi   Other<0.761(>0.927) 
Chlorobi<0.333(>0.467) 
Acidobacteria   Solibacteres<0.715(>0.88) 
Nitrospirae   Nitrospira<0.568(>0.655) 
Proteobacteria   Deltaproteobacteria<1.43(>1.53) 
Actinobacteria<0.997(>1.02) 
Differences between B,  samples 8-10 (Group A) and 4-7 (Group B2) 
Pi: 3.4 Sig(%): 0.1 
R: 1 B%: 76.4 
Bacteroidetes   Bacteroidia>1.7(<0.338) 
Planctomycetes   Planctomycea<1(>1.76) 
Cyanobacteria   Chloroplast>1.16(<0.441) 
Actinobacteria>1.69(<1.34) 
WS3   PRR-12<0.775(>1.05) 
Acidobacteria   Chloracidobacteria<1.82(>2.56) 
Firmicutes>1.01(<0.762) 
Chloroflexi   Anaerolineae>1.77(<1.45) 
SPAM<0.671(>0.893) 
Planctomycetes   Other<0.803(>0.831) 
Group A 
Group 
B1 
Group 
B2 
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Appendix F-9: Pyro Bacteria:  SIMPER One-Way Analysis, testing contribution of taxa to the separation between Groups A and B 
(Average Bray Curtis dissimilarity = 20.2). The breakdown includes; square root transformed average abundance of Group A and B  
indicate an increase or decrease in taxa abundance in columns 1 and 2. Column 3 and 4 display the average dissimilarity and standard 
deviation. Column 5 shows the contribution of taxa to total dissimilarity of 20.2%, where percentages are cumulated in Column 6 
until the cut-off percent of 90% is reached. 
 
 
1 2 3 4 5 6 
 
Group B Group A 
    
Taxa Av.Abund Av.Abund 
Av.Diss 
Diss/SD Contrib% Cum.% (δA,B) 
Bacteroidetes   Bacteroidia 0.3 1.76 1.99 9.5 9.85 9.85 
Acidobacteria   Chloracidobacteria 2.54 1.3 1.7 1.72 8.42 18.27 
Bacteroidetes   Sphingobacteriia 5.08 3.96 1.58 1.54 7.81 26.09 
Proteobacteria   
Deltaproteobacteria 1.58 2.53 1.31 2.3 6.5 32.58 
Chloroflexi   Anaerolineae 1.12 2.03 1.24 2.98 6.17 38.75 
Cyanobacteria   Chloroplast 0.7 1.48 1.15 1.5 5.67 44.42 
Cyanobacteria 1.05 0.35 1.06 0.91 5.23 49.65 
Planctomycetes   Planctomycea 1.67 0.94 0.98 2.76 4.87 54.52 
Actinobacteria 1.09 1.78 0.95 3.47 4.69 59.21 
Acidobacteria   Other 2.09 2.57 0.82 1.25 4.05 63.26 
Proteobacteria   
Betaproteobacteria 2.93 3.28 0.78 1.29 3.85 67.11 
Firmicutes 0.59 1.14 0.76 3.6 3.79 70.9 
Acidobacteria   Solibacteres 0.81 1.3 0.68 1.76 3.36 74.26 
Proteobacteria   
Alphaproteobacteria 2.4 2.66 0.68 1.47 3.35 77.61 
SPAM 0.8 0.45 0.62 1.61 3.08 80.69 
Gemmatimonadetes 1.44 1.19 0.58 1.32 2.86 83.55 
Nitrospirae   Nitrospira 0.89 0.96 0.51 1.42 2.52 86.06 
WS3   PRR-12 0.98 0.66 0.49 1.5 2.42 88.48 
Chlorobi 0.46 0.8 0.48 1.8 2.36 90.84 
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Appendix F-10: Pyro Bacteria:  SIMPER One-Way Analysis, testing contribution of taxa to the separation between Groups B1 and 
B2.(Average Bray Curtis dissimilarity = 19.1). The breakdown includes; square root transformed average abundance of Group B1 
and B2  indicate an increase or decrease in taxa abundance in columns 1 and 2. Column 3 and 4 display the average dissimilarity and 
standard deviation. Column 5 shows the contribution of taxa to total dissimilarity of 19.1%, where percentages are cumulated in 
Column 6 until the cut-off percent of 90% is reached. 
 
 
1 2 3 4 5 6 
 
Group B1 
(surface) 
Group B2 
(deep) 
    
Taxa Av.Abund Av.Abund 
Av.Diss 
Diss/SD Contrib% Cum.% (δA,B) 
Cyanobacteria 2 0.33 2.39 5.85 12.54 12.54 
Cyanobacteria   Chloroplast 1.33 0.22 1.59 4.35 8.32 20.86 
Acidobacteria   Chloracidobacteria 1.97 2.97 1.44 2.51 7.54 28.4 
Acidobacteria   Other 1.52 2.51 1.42 5 7.44 35.84 
Proteobacteria   Alphaproteobacteria 2.9 2.03 1.24 2.4 6.49 42.33 
Bacteroidetes   Sphingobacteriia 5.31 4.91 1.17 1.79 6.1 48.43 
SPAM 0.4 1.1 1.01 3.2 5.28 53.71 
Gemmatimonadetes 1.07 1.71 0.92 1.94 4.84 58.55 
Nitrospirae   Nitrospira 0.53 1.15 0.89 2.49 4.66 63.21 
Proteobacteria   Deltaproteobacteria 1.29 1.81 0.75 1.5 3.93 67.14 
WS3   PRR-12 0.68 1.2 0.74 3.67 3.9 71.04 
Chloroflexi   Other 0.65 1.1 0.64 2.64 3.35 74.39 
Planctomycetes   Planctomycea 1.42 1.85 0.62 1.85 3.26 77.65 
Other 1.8 2.16 0.53 2.02 2.79 80.44 
Acidobacteria   Solibacteres 0.6 0.97 0.53 2.88 2.77 83.22 
Proteobacteria   
Gammaproteobacteria 2.36 2.03 0.49 1.64 2.56 85.77 
Chloroflexi   Anaerolineae 0.98 1.23 0.42 1.9 2.2 87.97 
Bacteroidetes   Bacteroidia 0.46 0.18 0.41 2 2.13 90.09 
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Appendix F-11: Pyro Archaea: A) Dendogram on Bray Curtis cluster analysis using SIMPROF test, where black lines indicate significant difference and red lines no statistical evidence of substructure. 
Statistically different groups indicated by Groups a, b1 and b2. B) Shows SIMPROF test outcomes with significant differences indicated in red. C) 2-dimerntional MDS. D) Shepard diagram of the 
distances in the MDS plot against the dissimilarities (δ) in the Bray Curtis matrix. The line is the fitted non parametric regression (stress = 0.02), a measure of scatter about the line. 
  A 
 
B 
Parameters 
Transform: Square root 
Resemblance measure: Bray Curtis similarity 
Cluster mode: Group average 
 
Global Test 
Sample statistic (Pi): 2.82 
Significance level of sample statistic: 0.4% 
Number of permutations: 999 (Random 
sample) 
Number of permuted statistics greater than or 
equal to Pi: 3 
 
Combining 
84.36%; Pi: 0.49 Sig(%): 87.6 
79.04%; Pi: 1.23 Sig(%): 55.6 
77.83%; Pi: 1.59 Sig(%): 30.7 
66.99%; Pi: 2.61 Sig(%): 0.2 
59.97%; Pi: 2.82 Sig(%): 0.1 
C 
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Appendix F-12: Pyro Archaea: A) PCO with superimposed clusters Bray Curtis cluster and SIMPROF at similarity levels of 81% where the sample numbers correspond to numbers in LINKTREE. PCO 
was used rather than the MDS for graphical differentiation between samples in the bacterial data set. Results remain the same. B) LINKTREE Graph which uses a non-metric modification of the 
Multivariate Regression Tree (MRT)  on Bray Curtis Similarity and SIMPROF test. C) LINKTREE test statics for Graph B. 
A 
 
B 
 
C 
LINKTREE on Bray Curtis Similarity and SIMPROF test. 
 Differences between A (samples 5-7 (Group A)) and B 
π: 2.83 Sig(%): 0.1 
R: 0.77 B%: 92.2 
Crenarchaeota   Thaumarchaeota>3.05(<1.94) 
Crenarchaeota   Other>0.502(<0.246) 
Euryarchaeota   Methanobacteria<0(>0.195) 
Euryarchaeota   Thermoplasmata>1.2(<0.974) 
 
Differences between B,  samples 1-4 (Group B2) and 8-10 (Group 
B1) 
Pi: 2.64 Sig(%):0.4 
R: 1 B%: 66 
Environmental   Other<0.809(>1.42) 
Crenarchaeota   C2<0.661(>1.08) 
Euryarchaeota   Methanomicrobia<1.24(>2.03) 
 
 
Group A 
Group 
B2 
Group 
B1 
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Appendix G. for Chapter 8 
 
 
Appendix G-1: Mine dam waters collected in October 2010 and January 2011 with the ionic composition of different mine waters 
collected from Peak Downs Mine dams during the dry season (October 2010) and at the wet season (January 2011) showing the 
variation in mine water composition between mine dams and season. Though concentrations vary with dilutions occurring during the 
wet season and higher salinities during the dry season, the dominant ionic species in mine water composition appear to be Na, SO4 
and Cl. 
 October 2010 
 
 Jan 2011 
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Appendix G-2: Sediment slurries (sediment and distilled water) autoclaved for sterilization and incubated under aerobic conditions 
showing NH4, NO2, NO3 and PO4 concentrations with SE for A) no amendments (control),  B) NH4 amendment and C) NH4 and 
acetate amendment (supplement to Figure 8.4). 
A Control C +N+C 
 
 
 
 
B +N   
 
 
 
 
 
 
Appendix G-3: Mean pH from all sample times in the incubations for each amendment and salinity treatment in Experiment 2. Error 
bars represent SE. 
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Appendix G-4: Nutrient concentrations for the stream sites and mine waters collected for A) the Aerobic incubation experiments 1 
and 2 and B) Anaerobic incubations Experiment 3 and 4, which includes surface water for Experiment 3 and hyporheic water from 
Experiment 4 where no surface water was present at the sampling time. 
A Aerobic Incubations 
 
 
  
B Anaerobic Inubations 
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Appendix G-5: Results for the nutrient and carbon amended Nitrification incubations for Experiment 2 for Cherwell Crossing. 
Control = distilled water, +N = NH4 amendment, +N+C = NH4 and acetate amendment. Control water consisted of distilled water 
and therefore resulted in minimal activity due to limited nutrient conditions. As found in Experiment 1, inhibition of NO3 occurred 
with the addition of acetate, with increased rate of NH4 removal with NH4 addition (supplement to Figure 8.5). 
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Appendix G-6: Experiment 1. Nitrification. Unamended and +C amended results. 
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Appendix G-7: Experiment 2. Nitrification. Unamended results. 
 Unamended 
Nutrients 
 
 
 
 
 
 
Appendix G-8: Relative abundance of taxonomic groups between control sediments and 10,000 µS/cm treatments amended with +N 
and +N+C. complimenting results in Figure 8.9. 
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